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SUMMARY 


The  second  semi-annual  technical  reports  are  collected  from  six 
subcontractors  on  an  ARPA  sponsored  program  on  the  very  low  tempera- 
ture properties  of  structural  materials  in  support  of  superconducting 
machinery.  The  program  is  outlined  and  research  progress  is  reported. 

Low  temperature  data  are  presented  for  the  elastic,  tensile,  fatigue,  and 
fracture  properties,  thermal  expansion,  specific  heat,  thermal  and 
magnetothermal  conductivity,  electrical  and  magnetic  properties  of  structural 
alloys.  Effects  of  processing,  and  fabrication  are  also  reported  for  many 
of  the  properties;  weld  and  braze  joint  properties  are  included.  Low  tempera- 
ture properties  for  composites  are  reviewed  and  limited  tensile  and  flexure 
data  at  4K  presented. 
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INTRODUCTION 


Bound  together  in  this  report  are  the  initial  results  of  a widespread 
program  designed  to  fu .fill  the  need  for  materials  properties  data  to  assist 
the  design  and  development  of  superconducting  machinery.  The  program 
was  conceived  and  developed  jointly  by  the  staffs  of  the  Materials  Sciences 
Advanced  Research  Projects  Agency  and  the  Cryogenics  Division  - National 
Bureau  of  Standards.  This  ARPA  - sponsored  program  on  "Low  Tempera- 
ture Properties  of  Structural  Materials  in  Support  of  Superconducting 
Machinery"  is  managed  by  NBS , with  subcontracts  to  five  other  laboratories. 

PROGRAM  DESCRIPTION 

The  program's  objectives  are:  1)  to  evaluate  candidate  structural 
materials  for  use  in  superconducting  electrical  machinery  by  determining 
their  mechanical  and  physical  properties  between  4 and  300  K and  the  effects 
un  these  properties  of  processing  and  joining,  Z)  to  explore  new  materials, 
such  as  composites,  for  potential  innovative  design  applications  by  performing 
screening  tests  on  their  low  temperature  properties,  and  3)  to  assist  the 
information  transfer  of  the  available  low  temperature  properties  data  into 
design  use  by  compiling  and  publishing  what  literature  data  are  available  and 
assessing  what  properties  need  further  study. 

The  first  year's  program  plan  to  meet  these  objectives  is  shown  in 
Table  1.  It  outlines  the  efforts  at  the  six  research  laboratories  with  a brief 
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description  of  each  program.  The  organizational  contacts  for  each 
research  laboratory  are  shown  in  Table  2.  It  can  be  easily  seen  from  the 
first  year's  program  plan  that  the  major  thrust  has  been  to  initiate  fatigue 
and  fracture  measurements  at  low  temperatures  where  virtually  no  data 
have  previously  existed.  Exploration  of  high  potential  new  materials  has 
also  begun. 
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TAble  1 
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ARPA  - Low  Temperature  Properties  of  Structural  Materials 
First  Year  Program  (FY  74) 


Program  Area 


Organization 


I: 


Mechanical  Properties 

1.  Fracture  and  Fatigue 

a.  Materials  Group  a) 


NBS-Cryogenics 


b.  Materials  Group  b) 


Westinghouse 


High  Load-Large 
Specimens 


Mar tin -Denver 


2. 


Effects 

a.  Processing 


Westinghouse 


Joining 


Westinghouse 


Elastic  Moduli,  Tensile 


NBS-Cryogenics 


Program  Description 


Fracture  toughness,  fatigue 
crack  growth  rate,  fatigue, 
sustained  load  crack  growth 
rate  tests  from  4-300  K on 
structural  alloys. 


Mechanical,  magnetic, 
electrical  loss  characteriza- 
tion of  alloys  currently  in  use 
by  Westinghouse  in  DOD 
sponsored  programs.  Mech- 
anical tests  include  i ensile, 
fracture  toughness,  fatigue. 


Fracture  toughness,  fatigue 
crack  growth  rate  data  on 
very  selected  tough  alloys 
requiring  loads  in  excess  of 
30,000  lbs.  to  fracture. 


Identification  of  effects  of 
fabrication  and  processing 
techniques  on  mechanical 
properties  of  selected  alloys. 
Variables  include  industrial 
melting  practices,  powder 
metallurgy  techniques,  and 
cold  working. 


Mechanical  properties  of 
fabric  ted  metal  joints, 
including  welding  (GTAW,  EB, 

GMAW)  brazing,  and  soldering 
from  4-300  K.  Properties 
include  tensile,  notched  tensile, 
fracture  toughness,  and  fatigue 
crack  growth  rate. 


Tensile  and  dynamic  elastic 
. oung’s,  shear,  bulk  moduli) 
measurements  on  structural 
alloys  from  4-300  K. 
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Table  1 (continued) 


Program  Area 


Organization 


Thermal  Properties 

4.  Thermal  Expan  ion, 
Specific  Miat 


Battelle 


Thermal-Magneto thermal 
Conductivity 


NBS-Cryogenics 


Composites 

6.  Evaluation  of  Advanced 
Composites 


NBS-Cryogenics 


7. 


Screening  for  Shield 
Materials 


Ceneral  Electric 


Data  Compilation  and  Evaluation 
8.  Handbook 


Battelle 


Specialized  Structures 

9.  Effects  on  Magnet 
Materials 


Argonne 


Program  Description 


Thermal  expansion  and 
specific  heat  measurements 
on  selected  insulations  and 
structural  alloys. 


Thermal  conductivity  and 
thermal  conductivity  in 
magnetic  fields  up  to  50 
kilogauss  from  4-300  K of 
structural  alloys. 


Screening  tests  (tensile,  fatigue 
at  4 K)  on  selected  candidate 
metal  and  non-metal  base 
composites,  including  B-epoxy, 
C-epoxy  and  polyimide,  PRD 
49-epoxy,  borsic-Al,  Steel-Al. 


Screening  study  of  composites 
for  torque  tube  and  electro- 


magnetic shield  applications. 


Publication  of  Handbook 
containing  recommended  best 
value  data  and  complete  set 
of  references  for  39  selected 
materials  (structural  alloys, 
superconductors) . Data 
presented  in  graphical  and 
tabular  formats;  mechanical, 
thermal,  magnetic  properties 
from  0-300  K. 


Characterization  of  change  of 
electrical  and  mechanical 
properties  of  magnet  materials 
as  a function  of  fatigue  and 
temperature . 
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Table  2 


ARPA  - Low  Temperature  Properties  of  Structural  Materials 
Organizational  Contacts 

Advanced  Research  Projects  Agency,  1400  Wilson  Blvd.  , Arlington,  Virginia  22209 
Program  Director  Edward  C.  van  Reuth  202-694-4750 

National  Bureau  of  Standards,  Cryogenics  Division,  Boulder,  Colorado  80302 


Program  Manager 

Richard  P . Reed 

303-499-1000 

Ext.  3870 

Contract  Monitor 

Alan  F . Clark 

303-499-1000 

Ext.  3253 

Fracture 

Ralph  L . Tobler 

303-499-1000 

Ext.  4447 

Elastic  Moduli 

Hassell  M . Ledbetter 

303-499-1000 

Ext.  3232 

Thermal  Conductivity 

Jerome  G . Hust 

303-499-1000 

Ext.  3733 

Magnetothermal  Conductivity 

Frederick  R.  Fickett 

303-499-1000 

Ext.  3785 

Composites 

Maurice  B . Kasen 

303-499-1000 

Ext.  3558 

; National  Laboratory,  9700  So 

uth  Cass  Avenue,  Argonne, 

Illinois  60439 

Program  Coordinator 

Joseph  B . Darby 

312-739-2225 

Principal  Investigators 

Edward  S.  Fisher 

Ronald  Linz 

312-739-3415 

Battelle,  Columbus  Laboratories,  505  King  Avenue,  Columbus,  Ohio  43201 


Program  Manager 
Mechanical  Properties  Data 
Thermal  Properties  Data 
Magnetic  Properties  Data 
Physical  Properties  Meas't. 


James  E.  Campbell 
James  E.  Campbell 
Edward  A . F.ldridge 
J . Ken  Thompson 
Frank  Jelinek 


614-295-8045 

614-295-8045 

614-295-8045 

614-295-8045 

614-2^5-8045 


Ext. 

Ext. 

Ext. 

Ext. 

Ext. 


2829 

2829 

2572 

2612 

1735 


General  Electric  Company,  Research  and  Development  Crnter,  P.O.  Box  8, 
Schenectady,  N.Y.  11506 


Program  Manager 
Principal  Investigator 


William  B . Hillig 
J.  Bob  McLoughlin 


518-346-8771 

518-346-8771 


Ext. 

Ext. 


6139 

6398 


Martin  Marietta  Aerospace,  Denver  Division,  P.O.  Box  179,  Denver,  Colorado  80201 


Program  Manager 
Principal  Investigator 


Fred  Schwartzberg 
Emory  Beck 


303-794-5211 

303-794-5211 


Ext. 

Ext. 


2516 

3438 


Westinghouse  Electric  Corporation,  Research  & Development  Center,  Beulah  Road, 
Pittsburgh,  Pennsylvania  15235 


Program  Manager 
Joining  & Processing 
Fracture  Mechanics 
Magnetic  Measurements 
Metallurgy -Fractography 


G . G . Lessmann 
Joseph  M . Wells 
William  A . Logsdon 
M.  P.  Mat.hur 
R . Kossowsky 


412-256-7000 

412-256-7000 

412-256-7000 

412-256-7000 

412-256-7000 


Ext. 
Ext. 
Ext . 
Ext. 
Ext. 


3412 

3633 

3652 

3289 

3684 
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RESULTS  HIGHLIGHTS 


The  report  for  this  six  months  contains  a sizable  amount  of  data.  A 
general  overview  is  best  obtained  by  reading  the  technical  summary  of  each 
contractor  report.  A summary  of  materials  included  in  all  programs  is 
presented  in  Table  3,  listed  by  property  and  laboratory.  We  feel  it  is  useful, 
also,  to  briefly  1 ighlight  the  major  technical  accomplishments. 

After  one  year's  research  the  general  fracture  characteristics  aL  low 
temperatures  have  been  well  described.  The  rapid  emergence  of  the  J-integral 
lest  procedure,  significantly  supported  by  this  program,  has  permitted  the 
identification  of  the  fracture  toughness  of  many  tough,  cryogenic  alloys  with 
the  use  of  relatively  thin  plate  specimens.  Although  much  work  remains,  we 
now  know,  for  the  first  time,  the  general  fracture  characteristics  below  room 
temperature  of  titanium,  austenitic  stainless  steels,  and  age -hardened  stainles 
steels. 

Thermal  property  measurements  have  filled  in  a number  of  gaps  of  data 
for  structural  alloys.  Importantly,  we  have  learned  that  thermal  conductivity 
in  a magnetic  field  is  reduced  considerably,  even  tor  alloys. 

Magnetic  measurements  have  established  that  the  age-hardened  stainles 
steels  are  slightly  ferromagnetic  at  temperatures  below  that  of  liquid  nitrogen. 

Flexure  tensile  screening  tests  at  4 K,  coupled  with  a comprehensive 
review,  have  provided  a basis  for  the  potential  use  of  composites  at  4 K. 

Electrical  resistivity  measurements,  concurrent  with  fatigue  at  4 K, 
have  established  a tentative  relation  between  resistivity  increase  and  plastic 
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deformation  during  fatigue  for  copper.  While  these  measurements  will  be 
terminated  for  our  structural  alloy  program,  there  is  need  for  good  magnet- 
related  support  research,  such  as  this  program  represents. 


1 


i 


n 


Another  workshop  meeting  is  scheduled  for  November  11  and  12  in 
Vail,  Colorado.  This  workshop  will  consist  of  presentation  of  the  first  year's 
i e search  results  (much  of  which  is  reported  here)  and  discussions  of  current 
superconducting  machine  designs  from  a materials  viewpoint.  Significant 
conclusions  irom  this  workshop  will  be  reported  in  the  next  set  of  reports; 
however,  a tentative  agenda  is  included  in  Table  4. 
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Table  3 


D 


Project  Summary  of  Materials  Properties  Measurements  for  Second  Half  Year 


Argonne 


Battelle 


G.  E. 


Martin 


Thermal  Expansion 


Inc  750, 

Kro  58,  Inc  LEA 
OFHC.  Cu-Sn 
AISI  31  OS 
Ti-Nb,  Ti-Al-Sn 


S- glass 
PRD  -49 
Modmjr  1J 
with  epoxy 
resins 


Thermal  Conductivity 


L 


Magnet  o-l  hernial 
Conductivit  y 


Specific  Heat 


u 


In?  750,  Cu 
Kro  58,  Cu-Sn 
AISI  310  S 
Inc  LEA 


Electrical  -Magnetic 


5-9's  Cu 
OFHC  Cu 


Fracture  Toughness 


AISI  304L 
A <186 
Inc  X 7 50 


Fatigue  Crack  Growth 


AISI  304  L 
A 286 
Inc  X 750 


1 ensile 

0 


AISi  304  L 
A 286 
Inc  X 750 


Elastic  Moduli 

i 


F lc  \ u r < 


S - g la  ss , 
PRD-49, 
Mod  nor  11 
with  epoxy 
resins 


Weld  . Brui-.e.-,  and 

Processing  eftects 





NBS 


Westinghouse 


OFHC  Cu,  Inc  750, 
Inc  LEA,  Kro  58, 
AISI  310 


Inc  718 
OFHC  Cu 


OFHC  Cu, 
Inc  LEA 


Inc  750 


Inc  750,  OFHC 
AISI  310  S 
Kro  58 


AISI  304,  310,316 
Ti  - 5A1-2.  5 Sn 
Ti  -6A1-4V, 

A 286,  Inc  750 


Inc  750 
AiSl  310  S 
Kro  58 
OFHC  Cu 


AISI  304,  310,316; 
Ti-5Al-2.  5 Sn, 

Ti -6A1-4V , A 286. 
Inc  750 


Inc  750 
AISI  310  S 
Kro  58 
OFHC  Cu 


AISI  304,  310,  316 
Ti  - 5A1-2.  5 Sn. 

T i - 6A 1 -4 V , A 286 
Inc  750  Boron  Epoxy 


Inc  7 50 
AISI  310  S 
Kro  58,  OF11C 


1 i - 6Al-4\  , 

Ti -5A1-2.  5Sn , 

Inc  600  and  7 5 0 
A 286,  AISI  304  , 

3 10.  316,  A 1 I 100, 
5083.  7005  70,5 

hiv.i  i 


Inc  750, 
AISI  31  i S 
Kro  58 


Table  4 
AGENDA 

NBS-ARPA  WORKSHOP  ON  MATERIALS  RESEARCH 
IN  SUPPORT  OF  SUPERCONDUCTING  MACHINERY 
11-12  November  1974  Vail,  Colorado 


MONDAY 

Intrndne t inn 


8 :45  a.  m. 

Welcome  and  picture  taking 

Clark  (NBS) 

9:C^ 

ARPA  Objectives 

van  Reulh  (ARPA) 

9:10 

Program  overview 

Reed  (NBS) 

Mechanical  Properties 

9:30 

Composites  at  4 K 

Hillig  (G.  E.  ) 

9:45 

Composites  rev'ew 

Kasen  (NBS) 

1 0:09 

Coffee  break 

1 0:15 

Fatigue  and  Fracture, Processing, 

Wells  and 

Fabrication  Effects 

Logsdon  (Westingh 

11:15 

Elastic  properties 

Ledbetter  (NBS) 

1 1:30 

Fracture  behavior 

Sehwartzberg  (Martin) 

1 1 : 4 5 

Fatigue  and  Fracture 

Tobler  (NBS) 

12:30 

Lunch 

Machine  Design 

iroin  a Materials  Viewpoint 

2:00  p.  m . 

Navy  Superconducting 

Harrison  and 

Machinery  Program 

Doyle  (NSRDC) 

Specific  Machine  Designs 

Jenkins  (G.  E.  ) 

Calderone  (AiResearcl 

3:15 

Coffee  break 

3:30 

Air  Force  Program 

Oberly  (APL) 

Generator  Design 

McCabria  (Westinghou: 

4:00 

General  Electric's  Program 

Rios  (G.  E . ) 

4:15 

U.S.S.R,  Low  Temperature 

Reed  and  Kasen  (NBS) 

Materials  Research  - Review 

5:00-6:30 

Cocktails 

'AY 

Handbook 

9:00  a . m . 

Handbook  and  Data  Compila'ion 

Campbell  (Batlelle) 

Thermal  and  Electrical  Properties 

1 9:00 

Cyclic  Loading  Effects  in 

Linz  (Argonnc) 

Conductivity 

10:15 

Electric  and  Magnetic  Properties 

Matiiur  ( W estmghouse ) 

1 0:30 

Coffee  break 

10:45 

Thermal  Expansion  of  Alloys 

Jelinek  (Batlelle) 

1 1:00 

Specific  Heat  of  Alloys 

Collings  (Battelle) 

11:15 

Thermal  Conductivity 

Hust  (NBS) 

11:30 

Magnetotliern  al  Conductivity 

Sparks  (NBS) 

12:00 

Lunch 

1:30  p.  m. 

Open  discussion  and  evaluation 

9 

InMIM*  1l»l 

HANDBOOK 

One  of  the  most  important  outputs  of  this  program  is,  of  course,  the 
handbook.  It  collects  in  one  volume  all  the  data  that  are  available,  including 
tiie  new  data  generated  by  this  program,  on  the  low  temperature  properties  of 
structural  materials  for  use  in  superc onducting  machinery.  This  work  is  being 
handled  by  Battelle,  Columbus  Laboratories  under  the  direction  of  James  E. 
Campbell.  The  handbook  pre sents  in  loose  leaf  format,  so  that  it  can  be 
added  to  in  the  succeeding  years,  mechanical,  thermal,  electrical,  and  mag- 
net properties  of  materials  for  superconducting  machinery.  Both  tabular  and 
graphical  presentations  are  made  for  best-value  data  along  with  original  data 
and  test  conditions.  The  reference  sources  have  been  the  Materials  and 
Ceramics  Information  Center  (MCIC),  the  Defense  Documentation  Center  (DDC), 
and  the  Cryogenic  Information  Center  (CIC). 

The  first  volume  of  the  handbook  is  now  available.  It  contains  data  on 

more  than  40  metals  and  alloys  in  various  conditions,  and  is  511  pages  long, 

including  740  references.  The  handbook  is  available  from  the  National  Technical 

Information  Service  (NTIS),  Operations  Division,  Springfield,  Virginia  22151, 

under  the  following  information: 

Handbook  on  Materials  for  Superconducting 
Machinery  --  November  1974 
MCIC  - HB-  04. 
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SUMMARY 


The  objective  of  the  project  is  to  obtain  reliable  data  on  the 
Influence  of  cyclic-stress  loading  on  the  low-temperature  electrical 
and  thermal  conductivities  of  metals.  The  information  provided  will 
be  used  in  the  design  of  superconducting  devices  that  will  be  subjected  to 
cyclic  magnetic  fields  and  mechanically  and/or  thermally  induced  cyclic- 
stress  loading. 

Fatigue  damage  introduces  point  defects  into  the  crystal  lattice  of 
a metal.  Point  defects  are  extremely  effective  scatterers  of  electrons 
and  can  significantly  reduce  the  low-temperature  thermal  and  electrical 
conductivities  in  high-conductivity  metals.  Point  defects  accumulate 
during  successive  stress  cycles  because  they  do  not  anneal  out  at  tem- 
peratures below  30  K.  Fatigue  damage  can  thus  lead  to  severe  degradation 
of  the  transport  properties  of  a metal  at  a small  fraction  of  the  ultimate 
mechanical  fatigue  life. 

The  optimum  design  of  low-temperature  machinery  depends  on  the  capability 
to  predict  the  minimum  values  of  electrical  and  thermal  conductivities  of  a 
metal  that  are  likely  to  be  encountered.  Since  data  with  which  to  make  these 
predictions  accurately  are  not  available,  the  effort  of  the  project  will  be 
to  provide  such  data. 

The  accomplishments  during  the  last  six  months  include  the  acquisition 
of  data  that  indicate  the  rate  and  extent  of  the  changes  in  the  electrical 
resistivity  of  pure  copper  test  specimens  cyclically  deformed  at  predetermined 
plastic  strains  up  to  0.3%.  Each  specimen  was  subjected  to  a different  cycling 
program,  and  the  resultant  increase  in  electrical  resistivity  was  obtained  as 
a function  of  the  number  of  cycles  and  the  degree  of  strain  per  cycle. 
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Specimen  fatigue  is  accomplished  with  an  Ir.stron  machine  capable  of 
operating  in  a true  cyclic  compression-tension  mode.  The  specimen  is 
mechanically  coupled  directly  to  the  Instron  machine  and  is  contained  in 
a liquid-helium  cryostat  mounted  on  the  movable  beam  of  the  Instron.  A 
strain-gauge  resistance  bridge,  mounted  on  extensometer  clamps,  measures 
the  strain  amplitude  and  the  degree  of  buckling  of  the  specimen.  Brass 
knife  edges,  attached  to  the  tips  of  the  extensometer  clamps,  serve  as 
voltage  probes  for  tha  resistivity  measurements.  Changes  in  the  electrical 
resistivity  of  the  specimen  are  monitored  at  various  increments  of  cycles 
by  means  of  standard,  four-terminal  dc  current-voltage  techniques.  Plastic 
strain  amplitudes  during  cycling  were  obtained  directly  from  stress-strain 
data  displayed  on  an  x-y  recorder. 

Measurements  have  been  performed  on  99.999+%  pure  copper  and  oxygen- 
free  high  conductivity  (OFHC)  copper  + 0.3  wt  % sulfur. 

From  the  small  quantity  of  data  obtained  to  date,  it  appears  that  the 

magnitude  of  the  increase  in  electrical  resistivity  at  a given  number  of 

cycles  depends  solely  on  the  net  amount  of  plastic  strain  sustained  by  the 

specimen  during  cycling.  The  change  in  electrical  resistivity,  ApQ,  for 

a given  percentage  change  in  plastic  strain  in  tension  Ac  is  estimated 

Pt 

to  be 

_9 

Ap  /At  ^ 0.8  x 10  cm/%  plastic  strain 
o pt 

and  is  independent  of  the  yield  stress  or  degree  of  work  hardening  of  pure 
copper.  Work  is  in  progress  to  determine  if  the  same  or  a similar  constant 
relationship  is  valid  for  compressive  plastic  strains.  If  so,  then  it  may 
be  possible  to  predict  the  change  in  electrical  resistivity  at  any  given 
number  of  cycles,  N,  from  purely  mechanical  stress-strain  data,  according 


to  a simplified  model 
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where  the  Ae(j)p's  are  the  changes  in  plastic  strain  sustained  during  the 
jth  cycle  and  Ae  is  the  percentage  change  in  plastic  strain  in  compression. 

A slight  decrease  in  was  observed  during  the  first  few  elastic  strain 
cycles  in  two  specimens  of  OFHC  + 0.3  wt  % sulfur.  The  decrease  is  attributed 
to  a possible  rearrangement  of  residual  dislocations  in  these  materials.  Work 
is  in  progress  to  determine  whether  a decrease,  which  has  been  reported  in  the 
literature  for  work-hardened  gold,  also  occurs  in  pure  copper.  Annealing 
conditions,  of  the  severity  typically  encountered  during  fabrication  of  super- 
conductors, were  not  sufficient  to  substantially  remove  the  dislocations  in 
the  OFHC  material.  This  fact  as  well  as  a relatively  low  resistivity  ratio, 
p /p,  ^ 65,  indicate  that  OFHC  + 0.3  wt  % sulfur  is  not  a candidate  material 

JWW  H I 

for  a superconductor  stabilizer. 

Since  work-hardening  rates  are  dependent  on  chemical  purity,  additional 
research  similar  to  that  described  in  the  present  report  should  be  carried 
out  on  the  resistivities  induced  in  OFHC  copper  to  determine  the  significance 
of  the  purity  on  design  data.  Similar  studies  should  be  carried  out  on 
aluminum,  which  is  also  being  considered  for  use  as  a stabilizing  conductor 
in  superconducting  magnets. 
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I.  INTRODUCTION 

Low-temperature  machinery  may  be  subjected  to  cyclic  mechanical  or 
magnetic  stresses  during  normal  operation.  Some  components  of  the  machinery 
may  be  plastically  deformed  during  cycling,  i.e.,  will  be  subjected  to  low- 
cycle  fatigue  conditions.  The  plastic  deformations  encountered  during  low- 
cycle  fatigue  introduce  point  defects  in  metallic  components.  The  point 
defects  generated  during  plastic  cycling  at  temperatures  below  * 30  K can 
accumulate  to  a relatively  high  concentration  because  thermal  energies  are 
too  low  to  enable  the  point  defects  to  anneal  out  spontaneously.  Point 
defects  are  extremely  effective  scatterers  of  electrons  and,  in  sufficient 
quantity,  can  substantially  reduce  the  low-temperature  electrical  and 
thermal  conductivities  of  relatively  pure  metals.  No  reliable  data  are 
available  that  indicate  the  rate  or  the  magnitude  of  the  degradation  of 
tl\ese  transport  properties  as  a function  of  fatigue  parameters.  Without 
adequate  and  reliable  data,  the  safety  factor  criteria  in  the  design  of 
low-temperature  machinery  may  be  excessive,  which  would  result  in  increased 
cost,  size,  and  weight. 

The  purpose  of  the  present  investigation  is  to  provide  reliable  design 
data  for  typical  materials  used  in  low-temperature  machinery.  These  data 
will  indicate  the  rate  and  extent  of  degradation  of  the  thermal  and  electrical 
conductivities  due  to  low-cycle  fatigue. 

II.  EXPERIMENTAL  PROGRESS 

The  accomplishments  during  the  past  six  months  include  the  acquisition 
of  data  that  indicate  the  rate  and  extent  of  the  changes  in  the  electrical 
resistivity  of  pure  copper  specimens  which  have  been  cyclically  deformed  at 
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predetermined  plastic  strains.  Each  specimen  was  subjected  to  a different 
fatigue  mode,  and  the  resultant  increase  in  electrical  resistivity  waa 
obtained  as  a function  of  the  number  of  cycles. 

A.  Specimen  Preparation 

Fatigue  specimens  were  prepared  from  American  Smelting  and  Refining 
Company  99.999%  pure  copper  and  OFHC  copper  containing  0.3  wt%  sulfur.  The 
pure  copper  specimens  were  annealed  at  400°C  for  6-8  hr,  and  the  OFHC  specimens 
were  annealed  at  350°C  for  6-8  hr;  all  specimens  were  annealed  in  a helium 
atmosphere.  The  specimens  have  an  overall  length  of  2-1/2  in. , and  the 
diameter  of  the  gauge  section  is  1/4  in. 

B.  Experimental  Apparatus 

The  fatigue  apparatus,  shown  schematically  in  Fig.  1,  consists  of  an 
Instron  machine,  Model  TT-CM-L,  with  crosshead  speeds  from  0.03  to  5.0  cm/min 
and  a load  capability  to  10,000  kg.  The  Instron  machine  operates  in  the 
push-pull  mode  to  produce  uniaxial  fatigue  conditions.  A cryostat  has  been 
attached  directly  to  the  movable  crosshead  beam  of  the  Instron.  Specimen 
fatigue  occurs  at  liquid-helium  temperatures  (^4.2  K) . The  strain  gauges 
that  monitor  strain  amplitude  and  the  voltage  probes  that  measure  the 
changes  in  electrical  resistivity  due  to  fatigue  are  attached  to  two  "U"- 
shape  extensometer  clamps  spring  mounted  directly  on  the  sample.  Brass  knife 
edges  that  serve  as  voltage  probes  are  attached  to,  but  electrically  isolated 
from,  the  extensometer  clamps.  Only  one  set  of  probes  is  electrically  active. 
The  distance  between  the  probes  is  2 cm.  Two  strain-gauge  resistors  are 
glued  to  the  closed  end  of  each  "UM-clamp,  with  one  resistor  on  each  face  of 
both  clamps.  A resistance  bridge  constructed  from  the  four  strain-gauge 
resistors  determines  the  strain  amplitude.  The  electrical  instrumentation 
used  to  measure  the  stress  versus  strain  characteristics  and  the  resistance 
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changes  of  the  specimen  during  fatigue  is  shown  in  Fig.  2. 

A more  detailed  description  of  the  experimental  apparatus  has  been 
given  in  our  Semi-annual  Technical  Report,  March  1974. 

C.  Experimental  Methodology 

Electrical-resistivity  data  for  all  specimens  was  obtained  by  means  of 
the  standard  four-probe  dc  technique  with  the  instrumentation  shown  in 
Fig.  2.  A known  current,  I,  is  passed  through  the  specimen  of  cross-sectional 
area,  A,  and  produces  a potential  difference,  V,  between  potential  probes 
separated  by  a distance,  L.  The  electrical  resistivity,  p,  is  given  by 

v A 

p = I L • (1> 

To  a good  approximation,  p is  analytically  described  by 

P = PQ  + P^T)  (2) 

where  pq  is  (usually)  a temperature- independent  "residual"  resistivity  due 
to  electron  scattering  from  defects,  and  p^(T)  is  a temperature-dependent 
resistivity  due  to  electron  scattering  by  the  thermal  vibrations  of  the 
crystal  lattice.  Changes  in  defect  concentration  significantly  affect 
only  the  magnitude  of  Pq  and  sc  p^(T)  will  be  ignored  in  subsequent  dis- 
cussions. 

The  stress  versus  strain  data  were  obtained  by  displaying  the  output 
of  the  strain-gauge  bridge  on  different  axes  of  the  x-y  recorder  on  the 
Instron.  The  idealized  stress  versus  strain  curve  shown  in  Fig.  3 is 
useful  in  describing  the  methodology  of  the  measurements  and  in  defining 
terminology. 
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Figure  3 describes  the  strain  or  elongation  of  a hypothetical  specimen 
subjected  to  an  applied  stress  or  load,  fhe  strain  remains  directly  pro- 
portional to  the  stress  as  long  as  the  stress  remains  within  the  "elastic" 
limits  of  the  specimen.  When  the  stress  is  removed,  the  specimen  returns 
to  its  original  shape  and  position  at  zero  strain.  On  an  atomic  scale, 
elastic  strains  do  not  generate  substantial  quantities  of  defects  and  thus 
do  not  increase  the  electrical  resistivity  of  the  specimen. 

Once  the  applied  stress  exceeds  the  elastic  limits  of  the  specimen,  the 
specimen  deforms  plastically.  The  total  strain  is  now  composed  of  an 
elastic  component,  eE>  and  a "plastic"  component,  e^.  If  the  stress  is 
removed,  the  specimen  returns  to  zero  stress  at  some  permanent  elongation. 
The  most  significant  result  of  plastic  deformation,  relevant  to  this  work, 
is  an  increase  in  electrical  resistivity  due  to  the  generation  of  large 
quantities  of  defects  within  the  specimen. 

When  cyclic  stresses  in  excess  of  the  elastic  limits  are  applied  to  a 
specimen,  the  stress-strain  curve  forms  a "hysteresis"  loop  with  a width 
directly  related  to  the  amount  of  plastic  strain  in  the  cycle.  As  cycling 
progresses,  the  defects  generated  during  the  plastic  strains  serve  to  harden 
the  material  and  allow  more  and  more  of  the  total  strain  to  be  accommodated 
in  an  elastic  manner,  i.e.,  the  loop  continually  narrows  during  cycling. 

The  specimen  will  eventually  approach  a completely  elastic  behavior  if  the 
cycling  continues  for  extended  periods. 

The  shape  of  an  actual  hysteresis  loop  depends  on  the  stress  and/or 
strain  limits  imposed  on  the  specimen  and  is  usually  not  symmetric  about 
the  origin  as  indicated  in  Fig.  3. 
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The  basic  experimental  procedure  followed  in  this  work  was  to  measure 
the  changes  in  electrical  resistivity  that  result  when  a specimen  is 
subjected  to  well-defined  cyclic  plastic  strains.  The  specimen  was  mounted 
in  the  fatigue  apparatus  and  cooled  to  liquid  helium  temperatures,  % 4.2  K. 
The  specimen  was  not  coupled  to  the  Instron  load  cell  during  cool-down  to 
minimize  any  plastic  strains  that  could  result  from  the  differential  thermal 
contraction  of  the  specimen  and  the  fatigue  apparatus.  The  initial  resis- 
tivity, PQ^»  was  determined.  The  specimen  was  coupled  to  the  load  cell, 
and  the  desired  stress-strain  curve  was  established.  Cycling  commenced 
and  was  interrupted  intermittently  to  record  pq,  ep,  and  the  number  of 
cycles,  N. 

Ideally,  the  total  strain  could  be  separated  into  an  elastic 
component  e£  and  a plastic  component  by  noting  the  point  at  which  the 
stress-strain  curve  deviated  from  linearity.  In  practice,  this  separation 
was  difficult  to  achieve,  in  most  cases,  the  amount  of  plastic  strain  was 
taken  to  be  one-half  the  maximum  width  of  the  stress-strain  loop. 

III.  RESULTS 

Table  I lists  the  cycling  constraints  and  the  original  residual 

resistivity  ratios,  RRR  ^ ^300^oi’  ^or  s*x  Pure  coPPer  specimens  and  two 
OFHC  specimens. 

TABLE  I.  Cycling  Constraints  and  Residual 

Resistivity  Ratios  for  Each  Specimen 


Specimen 

RRR 

Cycling  Conditions 

A-2 

3450 

Constant  peak  load  amplitude 

A- 3 

920 

Constant  peak  load  amplitude 

A-4 

920 

Constant  peak  load  amplitude 

A- 7 

1000 

Constant  peak  load  amplitude 

A-8 

3050 

Constant  peak  strain  amplitude 

A- 5 

2200 

Constant  peak  strain  amplitude 

OfHC-3 

75 

Elastic 

OFHC-4 

75 

Elastic 

i 
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The  electrical  resistivity  versus  the  number  of  cycles  is  given  in 

Figs.  4-10.  The  right-hand  ordinate  in  most  of  the  figures  also  gives 

Po^oi  to  indicate  the  factor  by  which  the  resistivity  increased.  All  but 

one  of  the  figures  include  either  an  insert  or  a supplemental  figure  to 

illustrate  the  details  of  the  cycling  conditions.  Cycling  conditions  for 

specimen  A-4(Fig.  7)  are  similar  to  those  of  specimen  A-7(Fig.  6).  The 

ordinate  in  each  of  the  supplemental  graphs  is  the  load  applied  to  the 

specimen,  in  kilograms.  Since  all  specimens  are  1/4-in.  diam. , the  loads 

may  be  converted  to  standard  stress  units  of  kg/mm  or  psi  by  multiplying 
_2 

by  3.14  x 10  or  43.8,  respectively. 

A.  Pure  Copper  Data 

1*  Electrical  Resistivity  Changes  during  Constant  Peak  Load  Cycling 

a.  Effects  of  Work-  Hardening.  The  primary  characteristic  of  the 

change  in  electrical  resistivity,  A p = during  cyclic  straining  at 

constant  peak  loads  is  the  apparent  saturation  of  Ap  after  relatively  few 

cycles.  The  factors  that  control  Ap  are  the  initial  plastic  strain 

amplitude,  e^,  and  the  plastic  strain  generated  per  cycle,  which  is 

described  by  the  half-width  of  the  stress-strain  loop,  e^/2.  Figure  4 

represents  a specimen  initially  strained  by  nearly  0.2%  and  then  cycled 

between  constant  load  limits  of  +150  and  -50  kg.  The  width  of  the  loop 

generated  is  small  compared  with  the  total  initial  plastic  strain.  Thus, 

the  resistivity  of  the  specimen  shows  a relatively  rapid  increase  during 

the  first  1/4  cycle  and  a much  smaller  increase  during  subsequent  cycling 

as  the  loop  gradually  narrows,  p increases  by  < 20%  over  the  first  200 

o 

cycles  with  almost  all  of  the  increase  occurring  in  the  first  1/4  cycle. 


It 
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Figure  5 also  represents  a specimen  initially  strained  by  nearly 
0.2%  and,  in  this  case,  cycled  between  constant  load  limits  of  + 125  kg. 

The  width  of  the  loop  generated  is  nearly  as  large  as  the  initial  plastic 
strain  induced  in  the  first  1/4  cycle.  The  specimen  work  hardens  rapidly 
during  the  first  10-30  cycles,  and  by  200  cycles  the  loop  width  becomes 
relatively  narrow,  indicative  of  a nearly  elastic  cycling  mode.  The 
rate  o'"  decrease  in  Ap  appears  to  parallel  the  rate  of  decrease  in  plastic 
strain,  Aep.  Pq  increases  quite  rapidly  during  the  first  10-30  cycles  and 
then  gradually  levels  off  as  the  stress-strain  curve  becomes  nearly  elastic. 

k*  Annealing  Effects.  Figure  6 shows  (1)  the  change  in  p when  the 

o 

specimen  is  cycled  in  a stress-strain  loop  symmetric  with  respect  to  the 

origin,  and  (2)  the  effect  of  annealing  and  subsequent  cycling  on  p . A 

o 

symmetric  loop  of  width  ep/2  £ 0.2%  was  obtained  by  starting  with  a tensile 
strain  of  £ 0.01%  and  then  manually  increasing  the  tensile  and  compressive 
strains  by  £ 0.01%  on  successive  cycles.  This  procedure  work  hardened  the 
Specimen  and  resulted  in  a slower  rate  of  decrease  in  plastic  strain  amplitude 
than  for  the  specimen  described  in  Fig.  5.  Thus,  in  contrast  to  the  specimen 
described  in  Fig.  5,  the  saturation  or  leveling  off  of  pq  with  N is  delayed 
to  higher  N values.  After  'v  800  cycles,  the  cycling  was  stopped  and  the 
specimen  was  warmed  to  ^ 185  K.  The  specimen  was  then  recooled  to  4.2  K. 

Po  had  decreased  by  £ 30%  during  the  anneal,  as  indicated  by  the  dashed 
vertical  line  in  Fig.  6(a).  During  cycling  just  prior  to  the  anneal,  the 
fatigue  loop  still  had  an  appreciable  but  slowly  decreasing  width,  and  the 
rate  of  change  of  p^  was  still  decreasing  at  a slow  rate. 
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An  unexpected  phenomenon  was  observed  when  cyclic  loading  was  resumed 
after  the  anneal.  The  anneal  at  185  K was  expected  to  soften  the  specimen, 
since  fewer  point  defects  would  be  present  to  impede  dislocation  motion. 

When  cycling  was  continued  after  the  anneal  under  the  same  cycling  conditions, 
Lhe  stress-strain  loop  was  expected  to  be  wider  and  the  rate  of  increase  of 
Pq  was  expected  to  be  more  rapid.  Contrary  to  these  expectations,  the 
specimen  evidently  hardened  during  anneal,  as  indicated  by  (1)  a closing  of 
the  loop,  and  (2)  an  absence  of  any  detectable  increase  in  p^  during  sub- 
sequent cycling  from  800  to  1000  cycles.  Similar  hardening  effects  due  to 
annealing  after  low-temperature  fatigue  have  been  reported  in  the  literature. 

The  abrupt  change  in  dp^/dN  near  N = 1000  is  the  result  of  a deliberate 

increase  in  load  to  establish  a loop  of  width  tp /2  JV  0.33%.  The  rate  of 

increase,  dp  /dN,  is  more  rapid  near  N = 1000  than  near  N = 0,  where  e / 2 
o V 

£ 0.2%.  The  specimen  buckled  ("x")  as  a result  of  a machine  malfunction 

before  p could  level  off. 
o 

c . Effect  of  Progressive  Increase  in  Plastic  Strain  Amplitude  or 

Loop  Width.  The  data  in  Fig.  7 show  the  effect  of  increasing  the  plastic 

strain  amplitude  or  loop  width.  Each  abrupt  increase  in  pq  indicates  the 

reestablishment  of  a stress-strain  loop  due  to  an  increase  in  the  load. 

The  number  placed  near  each  abrupt  increase  in  p^  indicates  the  new  loop 

width,  e /2.  The  rate  and  magnitude  of  the  increase  in  p intensify  as 
p o 

the  plastic  strain  amplitude  increases.  As  in  Fig.  6,  each  vertical 
dashed  line  indicates  an  anneal.  The  anneal  near  1800  cycles  was  at  room 
temperature  for  ^2  days;  the  remaining  anneals  were  the  result  of  warming 
to  2 J_  185  K.  The  dashed  diagonal  line  near  1500  cycles  represents  an  un- 
certainty in  the  cycling  count. 
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Additional  evidence  that  work  hardening  occurs  during  annealing  is 
observed  in  the  resistivity  data  of  Fig.  7 prior  to  and  after  the  room- 
temperature  anneal  near  1850  cycles.  The  load  was  the  same  before  and 
after  anneal.  A rapid  increase  in  pQ  is  indicated  just  prior  to  the  anneal, 
but  no  increase  in  pQ  is  detectable  after  the  anneal,  i.e.,  after  the  anneal, 
the  specimen  no  longer  sustains  any  appreciable  plastic  strain  during  cycling 
at  the  pre-anneal  load. 

2.  Electrical  Resistivity  Changes  during  Constant  Peak  Strain  Cycling 
The  experiments  at  constant  peak  load,  described  in  Section  III.A.l, 
showed  that  Ap  per  cycle  is  closely  associated  with  the  amount  of  plastic 
strain  sustained  per  cycle.  The  Ap  diminished  rapidly  during  constant  load 
cycling  because  the  process  of  work  hardening  enabled  the  specimen  to 
accommodate  most  of  the  applied  load  in  a nearly  elastic  manner  at  rapidly 
decreasing  peak  strain  amplitudes.  In  contrast,  the  Ap  should  diminish  leBs 
rapidly  during  constant  peak  strain  cycling  because  the  peak  load  increases 
during  cycling  and  slows  the  rate  at  which  the  specimen  approaches  a nearly 
elastic  behavior.  The  two  experiments  described  in  Figs.  8 and  9 are  con- 
sistent with  this  prediction.  Figure  8a  shows  the  change  in  pq  observed 
when  a pure  copper  specimen  is  cycled  between  constant  strain  limits 
(Fig.  8b)  of  +0.2%  in  tension  and  -0.005%  in  compression.  These  data 
indicate  that  pq  has  increased  by  greater  than  a factor  of  four  over  the 
first  250  cycles  and  is  still  rising  at  an  appreciable  rate.  For  comparison, 
the  data  of  Fig.  5,  which  were  also  initiated  at  the  same  strain  limits 
during  the  first  cycle  but  subsequently  cycled  under  constant  peak  load 
conditions,  indicate  pq  increased  by  only  a factor  of  2.5  over  1500  cycles. 
The  greater  rate  of  increase  in  p^  seen  in  Fig.  8a  is  attributable  to  a 
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lower  net  rate  of  decrease  in  plastic  strain  in  the  strain-limited  cycling 

mode.  The  specimen  work  hardens  during  each  cycle  and  so  the  load  or  stress 

must  be  increased  to  achieve  the  same  peak  strain.  The  increase  in  load 

introduces  more  plastic  strain,  which  maintains  a relatively  high  rate  of 

increase  in  p . 

o 

The  dashed  vertical  line  on  Fig.  8a  near  260  cycles  indicates  a room- 
temperature  anneal  for  2 days.  After  the  anneal,  cycling  continued  under 
the  same  conditions  as  before.  These  data  indicate  an  immediate  increase 
in  pq,  and  the  magnitude  of  Pq  prior  to  anneal  is  reestablished  after  an 
additional  150  cycles.  The  increase  in  pq  observed  after  anneal  in  Fig.  8a 
can  be  contrasted  with  the  lack  of  any  change  in  pq  observed  for  specimens 
cycled  in  a constant  load-limited  mode  after  anneal  (Figs.  6 and  7). 

In  contrast  to  Fig.  8,  the  data  of  Fig.  9 show  the  effect  of  load- 
unload  cycling,  a cycling  mode  encountered  during  the  operation  of  large 
superconducting  magnets.  These  data  were  obtained  by  introducing  a total 
strain  of  0.3%  and  then  cycling  between  strain  limits  of  +0.3  and  +0.1%;  the 
lower  strain  limit  occurred  at  zero  load.  The  cycling  conditions  of  the 
first  1-1/4  cycles  are  similar  to  the  loop  shown  in  the  insert.  Most  of 
the  increase  in  p^  occurs  in  the  first  1/4  cycle  when  most  of  the  strain  is 
plastic,  but  pQ  continues  to  increase  at  a rather  rapid  rate  at  20  cycles. 

B.  OFHC  Data 

The  OFHC  specimens  discussed  here  are  not  the  "certified"  grade  material 
commonly  used  in  low-temperature  applications,  but  rather  a "free-machining" 
grade  that  is  more  properly  described  as  OFHC  +0.3  wt  % sulfur.  Although 
specimens  were  annealed  at  350°C  for  6 hr,  they  did  not  appear  to  deform 
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uniformly  during  plastic  deformation.  The  data  presented  here  are  for 
elastically  strained  specimens. 

Figure  10  shows  that  the  .resistivity  decreased  during  the  first  few 
elastic  cycles.  This  result  was  first  observed  in  specimen  OFHC-3  and 
later  reproduced  in  OFHC-4.  As  the  load  increased,  the  decrease  in  p 

o 

became  less  pronounced.  The  initial  residual  resistivity  of  these  specimens 
was  ^ 25  x 10  ^ ft  cm,  so  the  decrease  in  pq  due  to  elastic  cycling  is  ^10%. 

The  decrease  in  resistivity  during  elastic  cycling  may  be  a characteristic 
of  many  cold-worked  materials.  A similar  decrease  in  has  been  reported  in 
the  literature  for  gold  specimens  that  had  been  prestrained  1-5%  at  room 
temperature  prior  to  cycling  at  4.2  K with  much  smaller  strains.  It  wsb 
suggested  that  the  decrease  in  resistivity  is  due  to  a rearrangement  of 
dislocations  into  dipoles  which  have  a lower  electron-scattering  efficiency 
than  individual  randomly  arranged  dislocations.  The  nonuniformity  of 
plastic  deformation  observed  in  our  OFHC  specimens  indicates  a substantial 
dislocation  density  remained  after  the  anneal.  Thus,  a dislocation  rearrange- 
ment effect  could  also  explain  the  decrease  we  observed  in  our  OFHC  specimens 
during  elastic  cycling. 

IV.  DISCUSSION 

Knowledge  of  the  extent  of  changes  in  the  electrical  resistivity  in 
copper,  due  to  cyclic  plastic  strains,  will  find  immediate  application  in 
the  design  of  large,  cryogenic  stabilized  superconducting  devices  such  as 
fusion  reactor  magnets,  energy  storage  magnets,  and  transmission  lines. 

Such  knowledge  may  be  useful  in  many  other  low-temperature  applications,  but 
those  listed  above  are  perhaps  the  most  important  from  the  materials  point 


of  view  in  that  those  applications  involve  the  highest  magnetic  and 
mechanical  stress  levels  during  operation.  The  stress  levels  encountered 
will  be  sufficiently  high  so  that  it  will  usually  be  necessary  to  reinforce 
the  superconductor  with  a stainless  steel  or  other  high-strength  structural 
member  to  allow  the  superconductor  to  carry  the  applied  loads  safely.  The 
superconductor  stabilizer,  probably  pure  copper  or  aluminum,  will  be  bonded 
to  the  structural  member  and  will  thus  be  strain-limited  rather  than  load- 
limited  during  cycling. 

The  change  in  resistivity,  Ap  versus  the  number  of  cycles  after  an 

abrupt  change  in  load  is  shown  in  Fig.  11  for  most  of  the  pure  copper 

specimens.  Note  that  the  right-hand  ordinate  refers  only  to  the  open- 

circle  data  of  specimen  A-7.  Most  of  the  specimens  appear  to  obey  a 

behavior  such  that  Ap“  In  N.  Data  for  specimens  cycled  under  constant 

load  conditions  appear  to  indicate  that  Ap  at  higher  numbers  of  cycles 

2 

could  be  obtained  by  linear  extrapolation.  Johnson  and  Johnson  suggest 
that,  within  large  uncertainty  limits,  Ap  Their  specimens  had 

been  prestrained  by  'v  25%  prior  to  cycling  at  4.2  K and  at  stress  limits 
near  40,000  psi.  Since  they  did  not  include  the  parameter  we  find  most 
important,  the  plastic  strain  amplitude,  it  is  difficult  to  compare  their 
data  with  ours. 

Data  for  specimen  A-5  in  Fig.  11, cycled  under  constant  peak  strain 
limits,  cannot  be  fit  to  the  simple  Ap<*  In  N dependence  and,  instead,  increase 
at  a much  faster  rate  than  data  obtained  for  specimens  cycled  under  constant 
load  conditions.  A larger  body  of  data  are  needed  to  predict  Ap  at  large 
N values  with  confidence.  However,  for  many  applications  in  which  the  cycling 
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is  strain  limited,  N values  of  30  to  300  cycles  would  encompass  nearly  the 
entire  lifetime  of  the  superconducting  device.  For  example,  a fusion  reactor 
magnet  may  encounter  only  20-100  such  cycles  in  a 20-year  lifetime.  There- 
fore, the  data  presented  here,  showing  changes  in  Ap  by  a factor  of  four 
over  ^ 250  cycles,  are  relevant  to  many  applications. 

The  ultimate  objective  of  the  work  described  here  is  to  provide  data 
from  which  the  Ap  versus  N characteristics  may  be  predicted  for  stabilizing 
materials  subjected  to  any  cyclic  strain  mode.  Our  data  for  pure  copper 
indicate  that  only  the  plastic  strain  amplitudes  sustained  during  cycling 
are  of  any  importance  in  changing  pq.  In  addition,  the  data  of  Table  II 
appear  to  indicate  that,  at  least  in  tension,  Ap  depends  solely  on  and 

not  on  other  material  properties  such  as  yield  strength.  In  particular, 
the  changes  in  electrical  resistivity  due  to  different  tensile  strains  and 
at  various  stages  of  cold  work  were  measured  for  specimen  A-8.  Additional 
data  were  provided  from  resistivity  measurements  after  the  first  1/4  cycle 
during  fatigue.  In  Table  II,  the  residual  resistivity  ratio,  RRR,  is  taken 
as  a rough  indicator  of  both  the  degree  of  work  hardening  and  the  yield 
stress  of  the  specimens,  since  the  dislocation  density  governs  these 
parameters.  The  yield  stress  of  specimen  A-8  increased  from  ^ 3000  psi 
to  30,000  psi  over  the  course  of  these  measurements.  Data  in  Table  II 
indicate  that 

_9 

Ap/ACpt  'v  0.8  + 0.4  x 10  ft  cm/%  plastic  strain, 


independent  of  yield  strength.  At  *s  the  tensile  plastic  strain. 
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TABLE  II.  Correlation  between  Ap  and  Ac 

P 


Specimen 

Ae  (%) 

P 

_9 

Ap (10  0 cm) 

RRR 

A-5a 

0.16 

0.06 

2200 

A-2a 

0.20 

0.13 

3450 

A-8 

0.11 

0.12 

3050 

A- 8 

0.22 

0.19 

780 

A-8 

0.10 

0.09 

700 

A-8 

0.15 

0.13 

685 

A-8 

0.15 

0.11 

680 

A-3a 

0.21 

0.18 

920 

aAt  and  Ap  were  obtained  at  1/4  cycle. 
P 


Work  is  presently  in  progress  to  determine  whether  the  above  or  a 

similar  constant  relationship  is  valid  for  compressive  plastic  strains, 

e . If  this  is  the  case,  it  should  be  possible  to  predict  Ap  for  any 
pc 

cycling  mode  according  to  a simplified  model 


N 

4po(N)  - £ 

J-o 


Ap. 


Ae 


Pt 


Ap 

0 

At  . 

Ae(j)pc 

Pt 

Ae(j)pt  + 
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The  change  in  plastic  strain  in  the  jth  cycle,  AE.p(j),  hopefully  could  be 
obtained  from  the  mechanical  properties  of  the  material.  Assuming  the 
parameters  Ap/Ae^  and  Ap/Ae^  are  reasonably  constant  over  a large  number 
of  cycles,  the  above  model  would  be  useful  in  predicting  Ap(N)  over  the 
lifetime  of  a component  subjected  to  cyclic  loading. 

V.  CONCLUSIONS 

The  changes  in  electrical  resistivity  of  pure  copper  due  to  cyclic 
plastic  strains  have  been  measured  to  1500  cycles  in  several  cycling  modes. 
The  changes  in  resistivity  depend  on  the  initial  plastic  strain  and  the 
total  plastic  strain  per  cycle.  When  cycled  at  a constant  peak  strain  of 
0.2%,  the  electrical  resistivity  of  annealed  pure  copper  Increases  by  a 
factor  of  four  over  250  cycles. 

The  electrical  resistivity  of  partially  annealed  specimens  of  OFHC 
+0.3  wt  /,  sulfur  decreased  by  as  much  as  10%  during  elastic  cycling. 
Experiments  are  planned  to  determine  whether  a similar  decrease  occurs  in 
certif ied-grade  OFHC  copper. 

A simple  working  model  has  been  proposed  for  computing  resistivity 

Increases  due  to  uniaxial  plastic  strain  cycling.  The  principal  parameters 

of  the  model  are  the  change  in  resistivity  per  unit  plastic  strain,  Ap/Ae^, 

and  the  total  plastic  strain  per  cycle.  To  establish  the  validity  of  this 

model,  more  data  are  needed  to  determine  if  Ap/Ac  remains  constant  in  both 

P 

compression  and  tension  under  variable  work-hardening  conditions.  The  model 
can  be  used  to  predict  operating  conditions  for  large  superconductors  in 
magnets  where  strain  per  cycle  and  number  of  cycles  are  essential  parameters 
that  influence  magnet  behavior. 


Future  experiments  are  planned  to  determine  if  the  resistivity  changes 
in  certified-grade  OFHC  copper,  due  to  cyclic  plastic  strains,  are  similar 
in  magnitude  to  the  changes  observed  in  the  pure  copper.  Some  dissimilar? tes 
are  expected  because  of  the  more  rapid  rate  of  work  hardening  in  the  OFHC 
copper,  which  has  a greater  concentration  of  impurities.  These  data  will 
be  directly  applicable  to  the  design  of  composite  superconductors,  where 
the  ratij  of  copper  to  superconductor  depends  on  the  electrical  and  thermal 
resistivities  of  the  stabilizing  matrix  (usually  certified-grade  OFHC  copper). 
Resistivity  changes  during  constant  peak  strain  cycling  will  be  emphasized, 
since  this  cycling  mode  is  of  primary  interest  in  the  design  of  large, 
mechanically  reinforced  superconductors. 

High-purity  aluminum  is  also  a candidate  material  for  use  as  an 
electrical  conductor  at  cryogenic  temperatures.  Therefore,  the  resistivity- 
changes  due  to  cyclic  plastic  strains  will  be  measured  in  several  grades  of 


aluminum. 


i 
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FIGURE  CAPTIONS 


Fig.  1.  Experimental  apparatus  used  for  fatigue  and  electrical 
resistivity  measurements  at  4.2  K. 


Fig.  2.  Electrical  instrumentation  used  to  obtain  stress  vs  strain 
and  electrical  resistivity  data. 

Fig.  3.  Hysteresis  loop  formed  as  a result  of  cyclic  plastic  strains 
in  a hypothetical  specimen. 

Fig.  4.  Electrical  resistivity  vs  number  of  cycles  for  a pure  copper 

specimen  subjected  to  the  constant  peak  load  cycling  indicated 
in  the  insert. 

Fig.  5.  Electrical  resistivity  vs  number  of  cycles  for  a pure  copper 

specimen  subjected  to  the  constant  peak  load  cycling  indicated 
in  the  insert.  The  insert  also  illustrates  the  narrowing  of  the 
stress-strain  loop  due  to  work  hardening  of  the  specimen. 

Fig.  6.  (a)  Electrical  resistivity  vs  number  of  cycles  for  a pure  copper 

specimen.  The  vertical  dashed  line  indicates  a reduction  in  pq 
due  to  annealing,  (b)  Typical  symmetric  cycling  conditions 
encountered  from  N = 0 to  850. 

Fig.  7.  Electrical  resistivity  vs  number  of  cycles  for  a pure  copper 

specimen  subjected  to  cycling  conditions  similar  to  Fig.  6b. 

The  data  indicate  the  effect  on  p caused  by  an  abrupt  increase 

o 

in  the  applied  load.  The  numbers  near  each  abrupt  increase  in 

p indicate  the  initial  loop  width,  e /2  , established  by  the 
o p 

load  increase. 


L 


Fig.  8.  (a)  Electrical  resistivity  vs  number  of  cycles  for  a pure  copper 

specimen  cycled  under  the  constant  peak  strain  limits  indicated 
in  (b) . The  dashed  vertical  line  in  (a)  near  N = 260  indicates 
an  anneal. 

Fig.  9.  Electrical  resistivity  vs  number  of  cycles  for  a pure  copper 

specimen  cycled  under  the  constant  strain  limits  indicated  in  the 
insert.  Only  the  first  1-1/4  cycles  are  shown  in  the  insert. 

Fig.  10.  The  change  in  electrical  resistivity  V3  number  of  cycles  for  two 

OFHC  + 0.3  wt  % sulfur  specimens  subjected  to  cyclic  elastic  strains. 

Fig.  11.  The  change  in  electrical  resistivity  for  pure  copper  specimens  vs 
number  of  cycles  after  an  abrupt  change  in  load.  Solid  lines 
connect  data  points  obtained  during  constant  peak  load  cycling; 
dashed  lines  connect  data  points  obtained  during  constant  peak 
strain  cycling. 
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TECHNICAL  REPORT  SUMMARY 


The  development  of  superconducting  electrical  machinei'y  requires 
the  suitable  engineering  property  characterization  of  all  candidate  mate- 
rials at  cryogenic  temperatures.  This  program  involves  the  determination 
of  thermal  expansion  and  specific  heat  for  several  structural  materials 
in  the  cryogenic  temperature  region  (4.2  to  300  K) . 

Several  of  the  materials  selected  for  this  study  were  supplied, 
for  the  most  part,  through  the  cooperation  of  Westinghouse  R&D.  These 
materials  have  beqn  utilized  for  superconducting  generator  development 
work  at  Westinghouse. 

Thermal  expansion  measurements  were  performed  utilizing  a fused 
silica  dilatometer  with  a linear  differential  transducer  as  the  dilatometer 
head.  The  accuracy  of  the  measurement  is  1 percent.  Specific  heat  at  low 
temperatures  is  measured  to  1 percent  by  adiabatic  calorimetry  from  a 
method  developed  by  Nernst.  In  this  method,  small  increments  of  heat  are 
supplied  to  a thermally  insulated  sample,  and  the  accompanying  temperature 
increase  is  measured. 

In  this  reporting  period,  thermal  expansion  characteristics  of 
19  alloy  specimens  were  determined  in  the  temperature  range  5 to  300  K. 

In  addition,  13  specific  heat  specimens  were  evaluated  in  the  temperature 
range  4.2  to  20  K.  These  results  are  shown  in  the  accompanying  text  of 
this  report. 
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1.  Equipment 

The  equipment  used  in  the  low-temperature  specific  heat 
investigations  has  been  described  in  detail  in  our  semi-annual  report 
(March  1,  1974). 

2.  Analysis  of  the  Data 

The  low- temperature  heat  capacities  (C)  of  non-superconducting 
non-magnetic  metals  are  generally  found  to  obey  a relationship  of  the 
form: 

C = yT  + 3T3, 

where  yT  is  the  conduction-electron  heat  capacity  at  temperature  T,  and 
6T^  is  that  of  the  lattice.  Since: 


C 2 

Y = y + B-r, 


a plot  of  C/T  versus  T is  linear  with  slope  B and  intercept  Y • If  the 
units  of  specific  heat  are  joules/kg-deg  a Debye  temperature  (low  tempera- 
ture) can  be  obtained  from  3 using  the  relation 


1.94  x 106>\  1/3 


SM 


1 


where  M is  the  molar  weight  of  the  specimen  material.  Table  I is  a list 
of  specimens  whose  specific  heats  have  been  measured,  over  the  temperature 
range  4 - 20K,  during  the  present  contractual  year.  The  first  six  members 
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of  this  Table  form  a group  of  materials  (henceforth  Group  A)  Whose 
specific  heats  follow  the  above-mentioned  linear  relation  when  plotted 
in  the  format  c/T  versus  T2.  The  remaining  seven  members  of  the  Table 
form  a group  (Group  B)  whose  specific  heat  curves  in  the  format  C/T 

versus  T2  possess  a minimum  in  the  low- temperature  region.  These  data 

2 


seem  to  follow  a C/T  = A/T  + Y + ST2  relationship  and  are  computor  best- 

fitted  to  a function  of  that  form. 

For  both  Group  A and  Group  B materials  the  coefficients  A, 

T and  B can  be  obtained  from  best-fits  to  the  experimental  data.  These 

coefficients  have  the  following  uses: 


(i) 


(ii) 


Specific  heat  values  can  be  computed  for  a 
series  of  "standard"  temperatures  such  as 
4.0,  5.0,  10.0,  15. OK,  etc.,  within  the  T3 
regime,  for  subsequent  tabulation. 

A Debye  temperature  (0^)  can  be  extracted, 
as  described  above,  and  used  in  estimating 
specific  heat  over  the  entire  temperature 
range.  For  the  Group  A alloys  this  is  done 
in  the  following  way: 


+ C, 

,'lectron  lattice 


where 


C = yT,  as  before; 

electron 


and  C can  be  computed  with  the  aid  of  the  Debye  Function,  a 

lattice 


universal  function  of  0/T,  namely 

3R  I 

C 


r "4  x 

lattice  J (eX-1) 

J0 


, x - e/T 


For  the  Group  B alloys  we  must  write 


C = A + ceieCtron  + Clattice 


3S< 


1 


I ] 


1 1 


However,  since  in  practice  A is  never  greater  than  0.4  in  the  present 
alloys,  the  A contribution  is  ignored  here  in  estimating  the  intermediate- 
temperature  specific  heat. 


3.  Data  Presentation  and  Tabulations 


3.1  Group  A Alloys 

Figures  1 through  6 present  the  experimental  data  for  the  "A" 
group  of  alloys,  plotted  in  the  format  C/T  versus  T2.  Through  these 
data  a straight  line  C/T  = y + 8T2  is  computor  fitted  and  computor  plotted. 
These  Figures  are  accompanied  by  Tables  2 through  7 which  .list  the  measured 
specific  heat  values  along  with  the  fitted  values  at  corresponding  tempera- 
tures. To  summarize  this  activity  we  present  in  Tables  8 through  13  a 
set  of  "fitted"  specific  heat  data  corresponding  to  the  temperatures  4.0, 
5.0,  10.0,  15.0  and  20. OK. 

3.2  Group  B Alloys 

Figure  7 through  13  present  the  experimental  data  for  the  "B" 
group  of  alloys,  plotted  in  the  format  C/T  v ersus  T^.  Through  these 
data  a line  C/T  = A/T  + y + 8T2  is  least-squares  computor  fitted  and 
computor  plotted.  These  Figures  are  accompanied  by  Tables  14  through  20, 
which  list  the  experimental  specific  heat  values  at  the  actual  tempera- 
tures of  measurement,  together  with  the  corresponding  computor-f itted 
data.  Finally  Tables  21  through  27  give  listings  of  specific  heat  values 
corresponding  to  the  "standard  temperatures"  4. OK  tr  20. OK  referred  to 
above. 


3.3  Debye  Temperatures  and  Estimated  Intermediate- 
Temperature  (50  to  300  K)  Specific  Heats 

For  alloys  whose  chemical  compositions  were  known,  effective 
molar  weights  (M)  were  calculated,  enabling  Debye  temperatures  to  be 
derived  from  the  best-fitted  g-values  using 
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1 * ■•  ^ ' U’  • -*  ,■  t-.-.'  -tT ,_w  4 ■*  ■M."'  — “ ' v--  v^^riv . ,-v  v;'-. -f  — ..■',|,l*  t 


5 

/l . 94  x 106\  1/3 

%~\  m ) 

Table  28  lists  the  Debye  temperatures  so  calculated.  It  is 
then  possible,  using  the  Debye  function  referred  to  above,  to  compute  a 
total  specific  heat  (C  - CelK;tron  + CUttlce>  over  the  entire  tenpera- 

ture  range.  This  has  been  done,  and  Figures  14  through  23  are  the  computor- 
plotted  5CK  “ 300K  total  specific  heats.  Finally  for  quick  reference, 
calculated  total  specific  heats  for  temperatures  50. OK,  77. OK  and  300. OK 
are  listed  in  Table  28. 
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LOW-TEMPERATURE  THERMAL  EXPANSION 


1.  Equipment 

The  equipment  used  in  the  low-temperature  thermal  expansion 
investigations  has  been  described  in  detail  in  our  semi-annual  report 
(March  1,  1974). 


2.  Analysis  of  the  Data 

The  results  reported  in  this  work  are  shown  as  percent  con- 
traction versus  temperature  (K)  with  all  data  normalized  at  the  ice 
point  (273  K) . 


3.  Data  Presentation  and  Tabulations 

Table  29  lists  the  materials  on  which  thermal  expansion  measure- 
ments were  made.  Subsequent  Tables  30-37  report  expansion  behavior  for 
each  alloy  studied  in  the  temperature  range  5-300  K. 
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FUTURE  WORK 

The  continuation  of  this  program  into  the  second  year  will 
include  specific  heat  and  thermal  expansion  measurements  on  other  alloys 
and  polymeric  materials  used  in  superconducting  rotating  machinery.  In 
addition,  the  total  intermediate-temperature  specific  heats  of  the  present 
specimens  will  be  measured  to  verify  the  results  of  the  above  computa- 
tions . 
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TABLE  1.  LIST  OF  SPECIFIC  HEAT 
SPECIMENS  MEASURED 


Specimen  Name 

Processing  and  Treatment 

Copper 

OFHC  - SR 

Copper 

OFHC  - AR 

Bronze  - 8 SN 

AS  - extruded 

Bronze  - 11  SN 

AS  - cast 

Westinghouse  Kromarc  58 

STQ 

Westinghouse  Kromarc  58 

CR  (~30%) 

I 


Inconel 

X750 

(MPl) 

ST 

Inconel 

X750 

(MPl) 

STDA 

VIM-VAR 

Inconel 

X750 

(MP2) 

STDA 

AAM-VAR 

Inconel 

X750 

(MP3) 

STDA 

VIM 

Stainless  Steel  AISI 

310 

S 

STQ 

Stainless  Steel  AISI 

310 

S 

STFC 

Inco  Low-Expansion  (LE)  Alloy 

ST-A 

ST 

Solution  treated 

ST-A 

Solution  treated 

and 

aged 

STDA 

Solution  treated 

double  aged 

VIM 

Vacuum  induction 

melted 

VAR 

Vacuum  arc  re-melted 

STQ 

Solution  treated 

and 

quenched 

STFC 

Solution  treated 

and 

furnace  cooled 

CR 

Cold  rolled 

GROUP  A 


Alloys  whose  specific-heat  data  are 
best-fitted  to  the  relationship-- 


C = YT  + 0T  . 


Copper  OFHC  - SR 

Copper  OFHC  - AR 

Bronze  - 8 SN 

Bronze  - 11  SN 

Westinghouse  Kromarc  58  STQ 

//estinghouse  Kromarc  58  CR  (~30%) 


•1  c ^ 

‘s  ‘i  c 
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COPPER  0FWC-5R 


FIGURE  1.  SPECIFIC  HEAT  DATA  FOR  COPPER  OFHC-SR  LEAST-SQUARES 
FITTED  TO  THE  FORMULA  C/T  * Y + BT2 
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TABLE  3.  LOW-TEMPERATURE  SPECIFIC  HEAT 
OF  COPPER  OFHC  - AR  FITTED  TO 

C = vT  + p3 


Temperature , 
K 


Measured  Value 
(J/kg-deg. ) 


Fitted  Value 
(J/kg-deg. ) 


0.112 

0.089 

0.118 

0.100 

0.118 

0.100 

0.128 

0.106 

0.131 

0.112 

0.141 

0.125 

0.157 

0.138 

0.180 

0.161 

0.200 

0.177 

0.229 

0.214 

0.261 

0.244 

0.291 

0.278 

0.341 

0.327 

0.391 

0.382 

0.433 

0.427 

0.477 

0.475 

0.532 

0.528 

0.575 

0.584 

3.633 

0.644 

3.802 

0.800 

3.893 

0.926 

L.060 

1.125 

.295 

1.283 

-.526 

1.529 

L . 7 7 0 

1.805 

>.092 

2.112 

>.463 

2.453 

O-P'03O^1*-l's|WVD0JW^lOiHCX)UiWO0'h0^'sJ0'-l>HVDj>MO00Ui-P'WHOOvD 


0 

1 

2 

5 

5 

6 
7 
7 
9 


0.109 

0.120 

0.121 

0.131 

0.136 

0.140 

0.148 

0.148 

0.161 

0.162 

0.166 

0.170 

0.181 

0.193 

0.202 

0.235 

0.244 

0.262 

0.289 

0.338 

0.384 

0.414 

0.466 

0.338 

0.511 

0.550 

0.610 

0.686 

0.774 

0.859 

0.921 

1.008 

1.103 

1.225 

1.343 

1.516 

1.539 

1.761 

1.983 

2.161 

2.353 

2.651 

2.933 

3.529 

3.546 

4.484 

5.156 


0.070 

0.075 

0.081 

0.099 

0.099 

0.106 

0.113 

0.113 

0.128 

0.128 

0.136 

0.136 

0.144 

0.162 

0.171 

0.181 

0.212 

0.235 

0.259 

0.285 

0.357 

0.389 

0.440 

0.312 

0.495 

0.535 

0.598 

0.690 

0.791 

0.872 

0.930 

1.020 

1.117 

1.255 

1.404 

1.564 

1.564 

1.826 

2.016 

2.219 

2.436 
2.665 
2.973 
3.512 
3.956 

4.436 
5.044 
5.804 


£ 


A Cm 


BRONZE 


. 5H0±  KRDMRRC  SB  STQ 


ttt* 


FIGURE  5.  SPECIFIC  HEAT  DATA  FOR  KROMARC  58  STQ  LEAST-SQUARES 
FITTED  TO  THE  FORMULA  C/T  - y + 8T2 


19 


TABLE  6.  LOW-TEMPERATURE  SPECIFIC  HEAT 
OF  KROMARC  58  CR  FITTED  TO 

C = yT  + 8T3 


Temperature, 

K 


Measured  Value 
(J/kg-deg. ) 


Fitted  Value 
(J/kg-deg. ) 


21 


TABLE  7.  LOW-TEMPERATURE  SPECIFIC  HEAT 
OF  KROMARC  58  STQ  FITTED  TO 
3 

C = yT  + BT 


Temperature, 

K 

Measured  Value 
(J/kg-deg. ) 

4.2 

1.697 

4.2 

1.714 

4.3 

1.7  50 

4.5 

1.802 

4.6 

1.851 

4.7 

1.931 

4.9 

1.958 

5.0 

2.039 

5.2 

2.118 

5.4 

2.207 

5.6 

2.295 

5.8 

P 372 

6.0 

2.442 

6.2 

2.543 

6.4 

2.638 

6.6 

2.708 

6.8 

2.789 

7.1 

2.899 

7.4 

3.034 

7.8 

3.220 

8.2 

3.256 

8.6 

3.603 

8.8 

3.714 

9.2 

3.875 

9.3 

3.919 

9.9 

4.263 

10.1 

4.364 

10.4 

4.467 

10.8 

4.714 

11.8 

5.212 

12.3 

5.530 

13.0 

5.938 

Fitted  Value 
(J/kg-deg. ) 


1.679 

1.679 

1.720 

1.803 

1.845 

1.886 

1.970 

2.012 

2.096 

2.181 

2.266 

2.352 

2.438 

2.525 

2.612 

2.700 
2.788 
2.922 
3.057 
3.239 
3.424 
3.612 
3.707 
3.899 
3.947 
4.243 
4.343 
4.495 

4.701 
5.232 
5.506 
5.902 
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TABLE  8.  SPECIFIC  HEAT  OF  COPPER  OFHC-SR 
y = 6.2982  x 10‘3 
8 = 8.5902  x 10'4 


Temperature, 

K 


Specific  Heat 
(J/kg-deg. ) 


4 

0 

0 

08 

5 

0 

0 

14 

10 

0 

0 

92 

15 

0 

2 

99 

20 

0 

7 

00 

TABLE  9.  SPECIFIC  HEAT  OF  COPPER  OFHC-AR 
Y = 5.0363  x 10'3 
8 = 8.4977  x 10"4 


Temperature , 

K 

Specific  Heat 
(J/kg-deg. ) 

4.0 

0.07 

5.0 

0.13 

10.0 

0.90 

15.0 

2.94 

20.0 

6.90 

58< 


■ --  -- 
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TABLE  10.  SPECIFIC  HEAT  OF  BRONZE  8 SN 


Y = 1.6491  x 10‘4 

8 = 1.0824  x 10-3 

Temperature , 

Specific  Heat 

K 

(J/kg-deg. ) 

4.0 

0.07 

0.14 

10.0 

1.08 

15.0 

3.66 

20.0 

8.66 

TABLE  11. 

SPECIFIC  HEAT 

OF  BRONZE  11  SN 

Y = 7.5596  x 

o 

1 

8 = 1.2207  x 

H- » 

o 

1 

LO 

Temperature , 

Specific  Heat 

K 

(J/kg-deg. ) 

4.0 

0.08 

5.0 

0.16 

10.0 

1.23 

15.0 

4.13 

20.0 

9.78 

5 

I 
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TABLE  12.  SPECIFIC  HEAT  OF  KROMARC  58  CR 
Y = 3.9590  x 10-1 
0 = 3.1049  x 10-4 


Temperature , 
K 


Specific  Heat 
(J/kg-deg. ) 


4.0 

5.0 
10.0 
15.0 


1.60 

2.02 

4.27 

6.99 


TABLE  13.  SPECIFIC  HEAT  OF  KROMARC  58  STQ 
Y = 3.9343  x 10" 1 
0 = 3.5859  x 10-4 


Temperature , 
K 


Specific  Heat 
(J/kg-deg. ) 


4.0 

5.0 
10.0 

15.0 

20.0 


1.60 

2.01 

4.29 

7.11 

10.74 


GROUP  B 


Alloys  whose  specific-heat  data  are 
best-fitted  to  the  relationship-- 

C = A + YT  + @T3. 


Inconel  X750  (MPl) 
Inconel  X750  (MPl) 
Inconel  X750  (MP2) 
Inconel  X750  (MP3) 


ST 

STDA  VIM- VAR 
STDA  AAM-VAR 
STDA  VIM 


Stainless  Steel  Aiol  310  S STQ 

Stainless  Steel  AISI  310  S STFC 


Inco  Low-Expansion  (LE)  Alloy  ST-A 
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TABLE  14.  LOW-TEMPERATURE  SPECIFIC  HEAT  OF 
INCONEL  X750  ST  FITTED  TO 

C - A + yT  + 8T3 


Temperature , 

K 

Measured  Value 
(J/kg-deg. ) 

Fitted  Value 
(J/kg-deg. ) 

4.2 

1.192 

1.215 

4.3 

1.220 

1.239 

4.3 

1.209 

1.239 

4.4 

1.232 

1.262 

4.5 

1.255 

1.286 

4.6 

1.280 

1.310 

4.7 

1.307 

1.333 

4.8 

1.332 

1.357 

5.0 

1.369 

1.405 

5.1 

1.413 

1.430 

5.2 

1.431 

1.454 

5.4 

1.472 

1.503 

5.5 

1.512 

1.527 

5.7 

1.552 

1.577 

5.8 

1.602 

1.602 

6.0 

1.642 

1.652 

6.1 

1.706 

1.678 

6.2 

1.735 

1.703 

6.3 

1.763 

1.729 

6.5 

1.880 

1.781 

6.2 

1.717 

1.703 

6.8 

1.888 

1.859 

7.1 

1.967 

1.939 

7.2 

1.994 

1.966 

7.6 

2.117 

2.075 

7.8 

2.182 

2.130 

8.1 

2.251 

2.215 

8.3 

2.301 

2.272 

8.5 

2.372 

2.330 

8.7 

2.420 

2.388 

9.2 

2.554 

2.538 

9.5 

2.634 

2.630 

9.7 

2.743 

2.692 

9.8 

2.714 

2.724 

10.0 

2.813 

2.787 

10.2 

2.861 

2.851 

10.3 

2.899 

2.884 

10.5 

2.962 

2.950 

10.8 

3.058 

3.050 

11.2 

3.155 

3.187 

11.6 

3.299 

3.327 

12.0 

3.527 

3.471 

13.9 

4.136 

4.214 

14.2 

4.345 

4.341 

14.9 

4.598 

4.647 

15.6 

4.934 

4.968 

16.4 

5.261 

5.354 

17.3 

5.752 

5.815 

18.3 

63< 

6.317 

6.362 

19.8 

7.272 

7.254 

21.0 

8.151 

8.035 

am. 


FIGURE  8.  SPECIFIC  HEAT  DATA  FOR  INCONEL 
FITTED  TO  THE  FORMULA  C/T  = A/' 


FIGURE  9.  SPECIFIC  HEAT  DATA  FOR  INCONEL  X750  STDA  AAM-VAR  LEAST-SQUARES 
FITTED  TO  THE  FORMULA  C/T  = A/T  + y + 6T2 


TABLE  16.  LOW- TEMPERATURE  SPECIFIC  HEAT  OF 

INCONEL  X750  STDA  AAM-VAR  FITTED  TO 

C = A + yT  + 0T3 


Temperature,  Measured  Value  Fitted  Value 

K (J/kg-deg.)  (J/kg-deg.) 


4.3 

4.4 

4.5 

4.6 

4.7 

4.8 

4.9 

5.2 

5.4 

5.7 

5.9 

6.1 

6.4 
6.6 

6.9 

7.2 

7.4 

7.9 

8.4 

8.9 

9.4 

10.0 

10.4 

11.0 

11.7 

12.2 
13.1 
14.0 

15.4 


l.^O 

1.187 

l.clO 

1.212 

1.232 

1.237 

1.258 

1.262 

1.266 

1.287 

1.301 

1.312 

1.338 

1.337 

1.395 

1.414 

1.474 

1.465 

1.553 

1.542 

1.619 

1.594 

1.660 

1.647 

1.732 

1.726 

1.782 

1.779 

1.860 

1.860 

1.936 

1.942 

2.032 

1.997 

2.152 

2.136 

2.278 

2.279 

2.427 

2.425 

2.545 

2.574 

2.754 

2.758 

2.898 

2.883 

3.064 

3.076 

3.286 

3.309 

3.477 

3.481 

3.808 

3.802 

4.130 

4.140 

4.715 

4.699 

67< 





FIGURE  10.  SPECIFIC  HEAT  DATA  FOR  INCONEL 
FITTED  TO  THE  FORMULA  C/T  ■ A/1 
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TABLE  17 


Temperature, 

K 


4.4 

4.5 

4.6 

4.8 

4.9 

5.1 

5.3 

5.5 

5.7 

5.9 

6.1 

6.3 

6.6 

6.9 

7.1 

7.4 

7.7 
8.0 

8.4 

8.8 

9.1 

9.5 
9.8 

10.2 

10.4 

10.7 

11.1 

11.4 

11.9 

12.3 

12.7 
13.2 

13.6 

14.1 

14.6 

15.4 

16.4 
17.  \ 

17.8 

18.8 

20.2 


low-temperature  specific  heat  of 
INCONEL  X750  STDA  VIM  FITTED  TO 
3 

C = A + yT  + 0T 


Measured  Value 
(j/kg-deg. ) 


£*  O. 


1.216 
1.240 
1.271 
1.305 
1.353 
1.405 
1.467 
1.526 
1.595 
1.637 
1.687 
1.757 
1.837 
1.889 
1.973 
2.050 
2.081 
2.221 
2.332 
2.445 
2.549 
2.668 
2.779 
2.895 
2.978 
3.095 
3.189 
3.308 
3.461 
3.609 
3.779 
3.955 
4.127 
4.327 
4.541 
4.899 
5.132 
5.734 
6.293 
6.911 
» . 275 


Fitted  Value 
(J/kg-deg.) 


1.290 

1.312 

1.334 

1.378 

1.401 

1.446 

1.491 

1.538 

1.585 

1.632 

1.680 

1.729 

1.803 

1.879 

1.931 

2.009 

2.090 

2.172 

2.285 

2.401 

2.490 

2.613 

2.708 

2.838 

2.905 

3.007 

3.147 

3.255 

3.441 

3.595 

3.755 

3.96? 

4.135 

4.358 

4.590 

4.983 

5.510 

5.905 

6.322 

6.958 

7.932 
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TABLE  18.  LOW-TEMPERATURE  SPECIFIC  HEAT  OF 

310S  STAINLESS  STEEL  STQ  FITTED  TO 

C * A + YT  + 8T3 


Temperature, 

K 

Measured  Value 
(J/kg-deg. ) 

Fitted  Value 
(J/kg-deg. ) 

U 

0 

3.8 

2.141 

2.155 

3.8 

2.148 

2.155 

i i 

3.9 

2.175 

2.202 

3.9 

2.204 

2.202 

4.0 

2.241 

2.249 

4.1 

2.283 

2.296 

4.2 

2.344 

2.344 

J 

4.2 

2.365 

2.344 

4.3 

2.370 

2.391 

4.4 

2.406 

2.438 

- 1 

4.4 

2.435 

2.438 

4.4 

2.431 

2.438 

4.5 

2.479 

2.485 

4.5 

2.489 

2.485 

4.7 

2.568 

2.580 

4.7 

2.559 

2.580 

i 

4.9 

2.b53 

2.675 

5.0 

2.681 

2.723 

5.0 

2.719 

2.723 

5.1 

2.754 

2.771 

4-1 

5.2 

2.793 

2.818 

5.4 

2.911 

2.914 

'I 

5.b 

3.042 

3.010 

5.9 

3.173 

3.154 

• « 

6.1 

3.280 

3.250 

6.3 

3.412 

3.347 

6.5 

3.472 

3.444 

M 

6.7 

3.580 

3.541 

6.9 

3.669 

3.639 

7.1 

3.762 

3.736 

7.3 

3.861 

3.835 

7.5 

3.972 

3.933 

* | 

7.7 

4.095 

4.032 

8.0 

4 . 166 

4.180 

mi 

8.2 

4.295 

4.280 

8.7 

4.543 

4.530 

9.0 

4.717 

4.681 

9.4 

4.869 

4.834 

9.8 

5.063 

5.089 

10.3 

5.362 

5.347 

10.7 

5.543 

5.555 

11.8 

6.083 

6.137 

• • 

12.1 

6.242 

6.299 

12.7 

6.572 

6.625 

13.4 

6.954 

7.011 

14.1 

7.376 

7.405 

14.8 

7.818 

7.805 

15.5 

8.202 

8.213 

16.1 

7i< 

8.651 

8.569 

16.8 

9.008 

8.992 

Best  Available 

Copy 
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TABLE  19. 

38 

LOW-TEMPERATURE  SPECIFIC  HEAT  OF 
310S  STAINLESS  STEEL  STFC  FITTED 

C = A + yT  + 0T3 

TO 

LI 

Temperature, 

Measured  Value 

Fitted  Value 

* 

K 

(J/kg-deg. ) 

(J/kg-deg.) 

1 

. i 

4.2 

2.280 

2.311 

' i 

4.3 

2.297 

2.356 

4.5 

2.406 

2.447 

4.6 

2.438 

2.493 

4.7 

2.490 

2.538 

1 

4.8 

2.560 

2.584 

. ! 

5.0 

2.637 

2.675 

5.1 

2.726 

2.721 

"i 

5.3 

2.824 

2.813 

i 

» 4 

5.5 

2.915 

2.905 

5.7 

3.025 

2.997 

~ 1 
i 

5.9 

3.099 

3.090 

< 

5.9 

3.131 

3.090 

« ■ 

6.1 

3.131 

3.183 

6.2 

3.249 

3.229 

6.3 

3.303 

3.276 

. j 

6.4 

3.359 

3.323 

6.6 

3.435 

3.417 

6.8 

3.523 

3.511 

J 

6.9 

3.599 

3.558 

7.1 

3.659 

3.653 

* 1 

7.3 

3.732 

3.748 

7.5 

3.897 

3.844 

m ft 

7.7 

3.985 

3.939 

8.0 

4.091 

4.084 

8.2 

4.325 

4.181 

w ft 

8.5 

4.378 

4.327 

8.9 

4 . 544 

4.524 

1 

9.3 

4.686 

4.723 

9.9 

4.911 

5.025 

10.5 

5.282 

5.331 

- * 

11.0 

5.603 

5.590 

11.4 

5.843 

5.801 

12.0 

6.134 

6.121 

12.5 

6 . 36h 

6.392 

12.9 

6.591 

6.611 

f 

* ft 

13.3 

6.755 

6.834 

13.8 

7.075 

7.116 

14.3 

7.396 

7.403 

15.0 

7 .755 

7.813 

15.8 

8.253 

8.294 

• 

16.6 

8.856 

8.788 

17.4 

73< 

9.365 

9.297 

»*  ll 

mi 
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TABLE  20.  LOW-TEMPERATURE  SPECIFIC  HEAT  OF 
INCO  LE  ALLOY  ST-A  FITTED  TO 
3 

C = A + VT  + BT 


Temperature, 

K 


Measured  Value 
(J/kg-deg.) 


Fitted  Value 
(J/kg-deg. ) 


2.4 

2.4 

2.5 

2.6 

4.2 

4.2 

4.3 

4.4 
^ . 6 


0.792 

0.770 

0.837 

0.816 

1.143 

1.146 

1.169 

1.191 

1.225 


1 

>3 

>1 

18 

)3 

>° 

)7 

'9 

n 

>6 

'0 


0.727 

0.727 

0.751 

0.774 

1.166 

1.166 

1.191 

1.217 

1.270 

1.296 

1.350 

1.404 

1.431 

1.487 

1.515 

1.572 

1.718 

1.778 

1.839 

1.933 

1.997 

2.062 
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TABLE  21.  SPECIFIC  HEAT  OF  INCONEL  X750  ST 
A = 2.8503  x 10'1 

Y = 2.1535  x 10'1 

8 = 3.4851  x IQ-4 


Temperature , 

K 

Specific  Heat 
(J/kg-deg. ) 

4.0 

1.17 

5.0 

1.41 

10.0 

2.79 

15.0 

4.69 

20.0 

7.38 

TABLE  22.  SPECIFIC  HEAT  OF  INCONEL  X750  STDA  VIM- VAR 
A = 2.1602  x 10"1 
Y = 2.2752  x 10"1 
0 = 3.1117  x 10"4 


Temperature, 

K 

Specific  Heat 
(J/kg-deg. ) 

4.0 

1.15 

5.0 

1.39 

10.0 

2.80 

15.0 

4 .68 

20.0 

7.26 

t 

\ 

I 

I 
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TABLE  25.  SPECIFIC  HEAT  OF  STAINLESS  STEEL  310S  STQ 
A = 3.8473  x 10"1 
Y = 4.6331  x 10-1 
B = 1.7378  x 10-4 


Temperature,  Specific  Heat 

K ( J/kg-deg . ) 


4 

0 

2 

25 

5 

0 

2 

72 

10 

0 

5 

19 

15 

0 

7 

92 

20 

0 

11 

04 

TABLE  26.  SPECIFIC  HEAT  OF  STAINLESS  STEEL  310S  STFC 
A = 4.4378  x 10_1 
Y - 4.4063  x 10" 1 
3 = 2.2522  x 10~4 


Temperature , 
K 


Sp^'  ific  Heat 
kg-deg. ) 


4 

0 

2 

22 

5 

0 

2 

68 

10 

0 

5 

08 

15 

0 

7 

81 

20 

0 

11 

06 

e 


\ 
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TABLE  27.  SPECIFIC  HEAT  OF  INCO  LE  ALLOY  ST-A 
A = 1.8773  x 10"1 
Y = 2.2099  x 10"1 
0 = 6.7084  x 10‘4 


Temperature, 

K 

Specific  Heat 
(J/kg-deg. ) 

4.0 

1.11 

5.0 

1.38 

10.0 

3.07 

15.0 

5.77 

20.0 

9.97 

! 


< 
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UTED  VALUES  OF  A,  y AND  8 AND  ESTIMATED  INTERMEDIATE 
ERATURE  SPECIFIC  HEATS  AT  50* , 77*  and  300* 


CDPPER  DFHC-BR 


FIGURE  15.  ESTIMATED  INTERMEDIATE-TEMPERATURE  SPECIFIC 
HEAT  OF  COPPER  OFHC-AR 


KICDNEL 


FIGURE  18.  ESTIMATED  INTERMEDIATE- TEMPERATURE  SPECIFIC 
HEAT  OF  INCONEL  X750  (MPI)  ST 


INCONEL  X7S0  5TDM  V I M-VRR 


FIGURE  19.  ESTIMATED  INTERMEDIATE- TEMPERATURE  SPECIFIC 
HEAT  OF  INCONEL  X750  STDM  VIM-VAR 


5TRINLE5S  5TEEL  5TQ 


FIGURE  22.  ESTIMATED  INTERMEDIATE-TEMPERATURE  SPECIFIC 
HEAT  OF  STAINLESS  STEEL  STQ 


TABLE  29.  LIST  OF  THERMAL  EXPANSION  SPECIMENS 
MEASURED 


Processing  and 


Specimen  Name  Treatment 


Inconel  X750  (MP1) 

ST 

Inconel  X750  (MP1) 

STDA  VIM-VAR 

Inconel  X750  (MP2) 

STDA  AAM-VAR 

Inconel  X750  (MP3) 

STDA  VIM 

Kromarc  58 

STQ 

Kromarc  58 

CR  Cv  30%) 

Copper 

OFHC-AR 

Copper 

OFHC-SR 

Strainless  Steel  AISI  310S 

STQ 

Stainless  Steel  AISI  310S 

STFC 

Inco  Low  Expansion  (LE)  Alloy 

STA 

Ti-Nb 

5 a/o  Nb 

Ti-Nb 

10  a/o  Nb 

Ti-Nb 

15  a/o  Nb 

Ti-Nb 

20  a/o  Nb 

Bronze-11 Sn 

As  Cast 

T1-5A1-2 . 5Sn 

Annealed 

Ti-3.5Al-3.5Sn 

Annealed 

Ti-2.5Al-2.5Sn 


Annealed 
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TABLE  30.  (Continued) 


T (K) 

ST 

-A L/L  (%) 

0 

STDA  VIM-VAR 
-AL/Lq(%) 

MP2 

STDA  AAM-VAR 
-AL/Lq(%) 

MP3 

STDA  VIM 

-AL/L  (%) 
o 

90 

0.193 

0.191 

0.189 

0.184 

80 

0.200 

0.197 

0.193 

0.190 

78 

0.201 

0.199 

0.193 

0.191 

77 

— 

— 

0.194 

0.192 

60 

0.214 

0.208 

0.205 

0.201 

50 

0.216 

0.212 

0.209 

0.206 

40 

0.220 

0.216 

0.213 

0.210 

30 

0.222 

0.219 

0.216 

0.212 

20 

0.223 

0.220 

0.217 

0.213 

10 

0.224 

0.222 

0.217 

0.214 

5 

0.225 

0.223 

0.218 

0.215 

O 

V.*  1 


i 
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TABLE  31.  THERMAL  EXPANSION  BEHAVIOR  OF  KROMARC  58 


T (K) 

STQ 

-AL/L  (%) 

0 

CW  (30%) 

-AL/L  (%) 
o 

300 

-0.044 

-0.044 

290 

-0.029 

-0.028 

280 

-0.011 

-0.010 

273 

0 

0 

260 

0.021 

0.020 

250 

0.036 

0.036 

240 

0.052 

0.051 

230 

0.068 

0.066 

220 

0.084 

0.081 

210 

0.100 

0.094 

200 

0.115 

0.107 

190 

0.129 

0.122 

180 

0.144 

0.135 

170 

0.158 

0.149 

160 

0.171 

0.161 

150 

0.183 

0.173 

140 

0.195 

0.185 

130 

0.207 

0.196 

120 

0.218 

0.208 

110 

0.228 

0.219 

100 

0.238 

0.229 

85< 


0.247 


0.255 

0.257 

0.266 

0.270 

0.272 

0.273 

0.274 

0.274 


0.275 
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TABLE  34.  THERMAL  EXPANSION 
BEHAVIOR  OF  INCO 
LE  (UNNAMED) 


T (K) 

ST-a 

-AL/L  (%) 

0 

300 

-0.010 

290 

-0.006 

280 

-0.002 

273 

0 

260 

0.003 

250 

0.006 

240 

0.012 

230 

0.015 

220 

0.018 

210 

0.022 

200 

0.027 

190 

0.031 

180 

0.036 

170 

0.041 

160 

— 

150 

0.051 

140 

C.055 

130 

0.059 

120 

0.063 

110 

0.066 

I 

±01/= 


- .. 
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TABLE  34.  (Continued) 


T (K) 

ST-A 

-4L/L  (%) 

0 

100 

— 

90 

0.072 

80 

0.076 

78 

0.077 

60 

0.080 

50 

0.081 

40 

0.082 

10 

0.082 

20 

0.083 

10 

0.083 

5 

0.083 

•F 
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TABLE  35.  THERMAL  'EXPANSION  BEHAVIOR  OF 
Ti-Nb 


Data  above  200  K are  a linear 
extrapolation. 


T (K) 

No.  1 

Ti-5  a/o  Nb 
-AL/Lo(%) 

No.  2 

Ti-10  a/o  Nb 

-AL/L  (%) 
o 

No.  3 

Ti-15  a/o  Nb 

-AL/L  (%) 
o 

No.  4 

Ti-20  a/o  Nb 

-AL/L  (%) 
o 

300 

-0.019 

-0.018 

-0.017 

-0.014 

290 

-0.012 

-0.011 

-0.011 

-0.009 

280 

-0.005 

-0.005 

-0.005 

-0.004 

273 

0 

0 

0 

0 

260 

0.009 

0.009 

0.008 

0.007 

250 

0.016 

0.015 

0.014 

0.013 

240 

0.023 

0.021 

0.020 

0.018 

230 

0.030 

0.028 

0.026 

0.023 

220 

0.036 

0.034 

0.032 

0.028 

210 

0.043 

0.041 

0.038 

0.034 

200 

0.050 

0.047 

0.044 

0.039 

190 

0.057 

0.054 

0.050 

0.044 

180 

0.066 

0.062 

0.057 

0.050 

170 

0.072 

0.069 

0.06 

0.056 

160 

0.080 

0.076 

0.068 

0.062 

150 

0.087 

0.083 

0.074 

0.067 

140 

0 095 

0.090 

0.080 

0.073 

130 

0.102 

0.096 

0.‘<86 

0.078 

120 

0.109 

0.101 

0.093 

0.084 

110 

0.116 

0.107 

0.099 

0.088 

100 

0.122 

0.113 

0.105 

0.093 

90 

0.129 

0.120 

0.113 

0.098 

80 

0.133 

0.121 

0.116 

0.102 

78 

0.133 

— 

0.116 

— 

77 

— 

0.123 

— 

0.103 

60 

0.142 

0.131 

0.124 

0.110 

50 

0.146 

0.134 

0.128 

0.113 

40 

0.149 

0.137 

0.131 

0.115 

30 

0.152 

0.14C 

0.133 

0.117 

20 

0.154 

0.141 

0.134 

0.118 

10 

0.155 

0.142 

0.134 

0.119 

5 

0.155 

0.142 

0.135 

0.120 

103< 


9 

✓ 
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TABLE  37.  THERMAL  EXPANSION  BEHAVIOR 
OF  Ti-Al-Sn  ALLOYS 


T(K) 

Annealed 
Ti-5Al-2.5Sn 
-AL/Lq  (%) 

Annealed 

Tl-3.5Al-3.5Sn 

-AL/L  (%) 

0 

Annealed 

Tl-2.5Al-2.5Sn 

-AL/L  (%) 
o 

300 

-0.018 

-0.026 

-0.025 

290 

-0.011 

-0.016 

-0.015 

280 

-0.003 

-0.007 

-0.007 

273 

0 

0 

0 

260 

0.010 

0.009 

0.010 

250 

0.019 

0.019 

0.019 

240 

0.027 

0.028 

0.028 

230 

0.035 

0.036 

0.037 

220 

0.042 

0.044 

0.045 

210 

0.053 

0.050 

0.053 

200 

0.058 

0.059 

0.062 

190 

0.066 

0.068 

0.071 

180 

0.075 

0.076 

0.077 

170 

0.082 

0.084 

0.088 

160 

0.089 

0.093 

0.097 

150 

0.096 

0.100 

0.106 

140 

0.102 

0.107 

0.115 

130 

0.110 

0.116 

0.122 

120 

0.116 

0.123 

0.130 

110 

0.123 

0.130 

0.136 

100 

0.128 

0.136 

0.142 

90 

0.134 

0.140 

0.147 

80 

0.138 

0.146 

0.151 

77 

0.139 

0.147 

0.152 

60 

o.-'U 

0.152 

0.158 

50 

0.147 

0.154 

0.160 

40 

0.149 

0.155 

0.163 

30 

0.151 

0.156 

0.165 

20 

0.152 

0.157 

0.167 

10 

0.152 

0.158 

0.168 

5 

0.153 

0.158 

0.168 
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SUMMARY 


Tests  at  4°K  on  S-glass  fiber,  Modmor  II  carbon  fiber, 
and  PRD-49  fiber  reinforced  epoxy  resins  show  that  these 
composites  still  retain  great  strength  at  this  low  temper- 
ature. S-glass  is  the  strongest  reinforcement  with  better 
than  600,000  PSI  flexural  strength  and  25,000  interlaminar 
shear;  this  material  is  stronger  at  4°K  than  at  room  temper- 
ature. Carbon  fiber  and  PRD-49  fibers  make  stiffer  composites 
but  not  as  strong  as  the  S-glass  composites.  The  carbon  fiber 
composite  was  a little  weaker  in  flexure  than  at  room  temper- 
ature while  PRD-49  was  much  stronger  in  flexure  than  at  room 
temperature,  possibly  because  its  compressive  strength  is 
better  at  low  temperature. 

The  coefficients  of  expansion  of  these  materials  are 
also  reported  between  298*K  and  77°K  and  298°K  and  4°K. 
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COMPOSITE  STRUCTURAL  MATERIALS  INVESTIGATION 
AT  CRYOGENIC  TEMPERATURES 


During  the  second  half  of  the  contract  period  covered 
in  this  report,  further  mechanical  tests  were  carried  out 
on  miniature  composite  bars  made  as  described  in  the  previous 
(semi-annual)  report.  In  addition,  considerable  effort  was 
put  into  making  some  larger  samples  of  one  resin  formulation 
using  S-glass  and  PRD-49  fibers  separately  as  the  reinforce- 
ment. These  larger  samples  were  tested  in  flexure  at  4°K 
with  encouraging  results.  In  the  case  of  S-glass  epoxy, 
samples  with  crossplied  layers  were  also  made  up  and  tested 
in  flexure;  coefficient  of  expansion  was  measured  at  three 
orientations  on  these  crossplied  samples  and  at  two  orienta- 
tions on  unidirectional  samples. 

PREPARATION  OF  RESIN  PREIMPREGNATED  FIBER  SHEETS 

In  order  to  determine  what  the  coefficient  of  expansion 
was  from  room  temperature  to  4°K  on  glass  reinforced  epoxy  at 
various  fiber  orientations,  it  was  found  necessary  to  recom- 
mission a prepregging  set-up  which  we  had  used  in  the  past  for 
this  purpose.  This  consisted  of  a dip  tank,  a drying  tower, 
and  a filament  winder  which  accurately  layed  up  the  resin 
impregnated  fibers  on  a 2'  diameter  drum  to  form  a layer  of 
glass  strands  lying  side  by  side,  up  to  6"  in  width  and  the 
circumference  of  the  drum  in  length.  The  strands  were 
impregnated  with  a solvent  solution  of  the  resin.  The  solvent 
was  evaporated  in  the  drying  tower,  and  the  resin  cure  possibly 
slightly  advanced  to  such  a degree  that  the  resin  impregnated 
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glass  strands  were  tack-free  after  emerging  from  the 
drying  tower  and  cooling.  In  order  to  increase  tack 
enough  to  cause  the  strands  to  stick  together  as  a 
continuous  sneet  of  prepreg  when  wound  on  the  drum,  it 
was  found  useful  to  direct  a heat  gun  on  the  glass  strands 
just  before  winding  on  the  drum. 

The  resin  used  to  impregnate  the  S-glass  roving  for 
the  preparation  of  this  prepreg  was  the  828-1031-MNA 
combination  described  before: 

Component 
Epon  828 
Epon  1031 

Methyl  nadic  anhydride 
Benzyl  dimethyl  amine 

Enough  methyl  ethyl  ketone  was  added  so  that  the  pickup 
of  resin  on  the  roving  was  about  equal  to  the  weight  of  the 

roving.  It  worked  best  when  the  solids  concentration  was  in 
the  range  of  75-85%. 

The  drying  tower  was  mounted  vertically  immediately  above 
the  resin  dip  tank;  it  consisted  of  a glass  tube  3 1/2"  in 
diameter  and  55"  long  on  which  were  wrapped  four  separate 
heaters  surrounded  with  1"  of  insulation.  The  two  lower 
heaters  were  operated  in  series  while  the  upper  heaters  were 
also  in  series  and  controlled  separately.  The  heater  resistance 
readings  from  bottom  to  top  were  36,  15,  15.  and  15.  By  adjust- 
ing the  voltages,  up  to  240  watts  could  be  supplied  to  the 
lower  half  of  the  tower,  and  400  watts  to  the  upper  half.  The 
voltage  on  each  set  of  heaters  was  adjusted  to  give  a satis- 
factory temperature  profile.  The  temperature  was  monitored 


Parts  by  Weight 
100 
127 
300 
3 
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about  2/3  of  the  way  up  with  a chromel-alumel  thermocouple 
passing  through  the  wall  of  the  tower  into  the  inner ^space. 

The  power  was  adjusted  so  this  thermocouple  read  250°  to 
320°C.  Combining  this  temperature  with  the  glass  roving 
speed  controlled  the  dryness  of  the  resin  on  the  roving  as 
it  came  out  of  the  tower. 

The  exit  orifice  at  the  top  of  the  tower  was  closed 
with  a baffle  containing  a hole  about  1/2"  in  diameter 
through  which  the  roving  passed.  Immediately  above  this 
exit  orifice  and  to  one  side  an  exhaust  duct  leading  to  the 
laboratory  hood  system  collected  any  fumes  produced  in  the 
tower  and  kept  them  out  of  the  room  air.  Because  of  the 
proximity  of  this  exhaust  duct  (a  4"  diameter  flexible  tube), 
cold  air  tended  to  be  sucked  up  through  the  tower;  hence  the 
exact  size  of  the  hole  in  the  baffle  at  the  tower  top  and  the 
exact  position  of  the  exhaust  duct  influenced  the  temperature 
obtained  in  the  tower.  Therefore,  we  were  careful  not  to 
touch  these  after  achieving  the  proper  conditions.  Generally, 
final  control  over  the  tackiness  of  the  roving  as  it  emerged 
from  the  tower  was  achieved  by  varying  the  winding  speed  on 
the  collecting  drum  and  hence  the  residence  time  of  the  roving 
in  the  tower.  The  drum  rotation  used  was  1-2  revolutions  per 
minute  (6-12  linear  f t/min) . Since  the  feed  was  at  the  rate 
of  34  revolutions  per  inch,  it  generally  took  on  the  order  of 
an  hour  to  produce  a strip  of  prepreg  4-6"  wide  and  6'  long. 

A picture  of  the  prepregging  equipment  is  shown  in  Fig.  1. 
The  roving  was  pulled  from  a storage  roll  5 ft  above  the  dip 
tank,  around  a pulley  under  the  surface  of  the  resin  in  the 
dip  tank,  up  through  the  drying  tower,  around  two  pulleys  to 
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the  drum  winder,  where  it  passed  over  a final  pulley 
connected  to  the  traversing  mechanism;  the  traversing 
mechanism  was  simplj  the  tool  rest  of  a lathe  with  the 
drive  for  the  drum  being  connected  through  gear  reduction 
to  the  lathe  drive.  This  meant  that,  for  a given  feed 
ratio  used,  the  number  of  revolutions/inch  was  the  same 
no  matter  what  drum  speed  was  used.  The  drum  speed  was 
controlled  by  means  of  a speed  controller  on  the  lathe 
itself . 

The  procedure  used  in  starting  a run  was  to  pass  the 
roving  througn  the  bath  up  through  the  tower  and  wind  it 
in  one  place  on  the  drum  until  speed  was  adjusted  properly 
to  give  the  right  tackiness.  The  tool  rest  holding  the 
feed  mechanism  was  then  moved  1/2"  or  so  to  leave  a gap  on 
the  drum  and  engaged  with  the  feed  screw.  Alter  winding 
the  desired  width  of  prepreg  another  gap  was  produced,  and 
the  resin  bath  was  removed  allowing  dry  roving  to  pass  up 
into  the  tower  before  stopping  the  drum. 

The  drum  surface  had  been  covered  with  a la/er  of  10  mil 
Teflon  film  before  starting.  At  the  end  of  the  run,  the  film 
and  prepreg  were  cut  at  one  spot  and  the  6'  x 4 to  6 prepreg 
sheet  on  the  Teflon  support  was  removed.  This  prepreg  sheet 
was  then  cut  up  into  3 1/4”  x 4 1/4”  panels  for  molding  purposes. 

Molding  was  carried  out  by  stacking  11  pieces  of  prepreg 
in  the  cold  3 1/4"  x 4 1/4”  mold,  dropping  in  the  upper  force, 
and  placing  this  lay-up  in  a 12  ton  laboratory  press  whose 
platens  had  already  been  heated  to  1U0°C.  Several  hundred 
pounds/square  inch  pressure  was  applied  when  the  mold  temper- 
ature reached  80°C.  Excess  resin  squeezed  out  of  the  mold 
at  this  point  and  when  the  sample  thickness  had  reached  a 
predetermined  value,  platen  temperature  was  raised  to  170  C 
and  molding  was  carried  out  at  this  temperature  at  500  to 
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1000  PSI  pressure  on  the  molding.  The  molded  panels  were 
removed  from  the  mold  hot  and  were  post-baked  overnight 

at  175*C. 

Because  the  prepreg  was  made  in  a precise  manner,  it 
was  possible  to  calculate  lor  each  molded  panel  the  exact 
weight  ol  glass  roving  used  (from  a knowledge  ol  strands, 
inch  and  weight  of  rovlng/unlt  length).  Knowing  the  weight 
of  the  finished  panel  and  weight  of  glass  in  it,  one  could 
calculate  the  weight  of  resin  and  the  volume  in  the  panel 
occupied  by  glass  and  by  resin.  Measurement  of  density  of 
the  panels  then  made  it  possible  to  calculate  the  volume  of 
voids  in  each  panel.  When  these  calculations  were  performed 
on  the  most  successful  panels  (which  were  later  used  for 
coefficient  of  expansion  measurements  and  flexural  tests),  the 
following  results  were  obtained. 


Panel 

6-21-N-l 

6-27-N-l 

6-28-N-l 


Table  1.  S-Glass  828/1031  Panels 


TvDe  of  Layup 

Fiber  Vol. 

% 

Void 
Vol . 

1o 

Density 

g/ml 

- — rs  i c' 

Unidirectional,  axial 

TB741 

0 f 83 

1 .845 

Crossply  (6  plies  transverse 
(5  plies  axial 

50.54 

1.66 

1.861 

Unidirectional,  transverse 

57.54 

1.78 

1.947 
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COEFFICIENT  OF  EXPANSION  MEASUREMENTS 

The  coefficient  of  expansion  measurements  were  made 
on  an  existing  piece  of  equipment,  the  sensitivity  of  which 
was  approximately  ± 0.2  mils.  Since  the  samples  used  were 
4 1/4”  to  4 1/2"  in  length,  the  sensitivity  limit  for  the 
coefficient  A L/L°  was  about  4.4  x 10-5.  A more  sensitive 
measurement  might  have  been  desirable,  but  we  did  not  feel 
the  cost  of  setting  such  measurements  up  was  within  the 
scope  of  the  present  work.  The  present  equipment  was  good 
enough  to  clearly  show  the  relationship  between  coefficients 
of  expansion  for  the  various  composites  and  between  coefficients 
at  several  orientations  for  the  S-glass  reinforced  composites. 

The  measurement  was  made  in  a quartz  dilatometer  which 
consisted  of  a quartz  tube  22"  long  and  1/4"  inside  diameter, 
open  at  the  top  and  provided  with  a bottom  flat  on  the  inside. 
This  tube  was  supported  at  the  top  end  in  a vertical  position 
with  the  sample  positioned  inside  it  at  the  bottom.  The 
bottom  10"-12"  of  the  tube  were  immersed  in  liquid  nitrogen 
or  liquid  helium  for  the  low  temperature  part  of 'the  measure- 
ment; several  holes  in  the  walls  of  the  tube  allowed  the  liquid 
helium  or  nitrogeu  to  flow  in  and  out  of  the  tube.  A quartz 
rod,  1/8"  In  diameter  and  provided  with  a flat  foot  at  each 
end  a lA  several  enlargements  to  position  it  in  the  tube,  was 
used  to  feel  the  length  changes  in  the  sample.  The  top  of 
the  rod  pressed  against  the  foot  of  a dilatometer  consisting 
of  a linear  differential  transformer.  The  core  of  this  trans- 
former (connected  to  the  measuring  foot)  was  spring  loaded  and 
restrained  to  move  along  a set  axis  so  that  no  inaccuracies 
due  to  random  positioning  on  the  top  of  the  quartz  rod  could 
exist.  The  measurement  transformer  was  coupled  to  a second 
transformer  geared  to  the  chart  drive  so  that  the  chart  was 
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moved  1"  for  approximately  every  .003”  of  deflection. 

Exact  calibration  was  obtained  by  inserting  a shim  of 
known  thickness  between  the  dilatometer  foot  and  the 
top  of  the  quartz  rod. 

Measurements  were  made  by  noting  the  change  in  length 
of  the  sample  between  room  temperature  and  immersion  in 
liquid  nitrogen.  The  liquid  nitrogen  dewar  was  then  removed 
and  a double  dewar  of  liquid  helium  surrounded  by  liquid 
nitrogen  was  immediately  put  in  place.  Thermal  equilibrium 
between  the  samples  and  liquid  nitrogen  and  liquid  helium 
occurred  very  quickly  (less  than  1 minute),  but  it  was 
necessary  to  warm  the  tube  with  a heat  gun  and  wait  for  about 
1/2  hour  to  get  it  back  to  room  temperature  for  another 
measurement.  Results  are  listed  in  Table  2. 

FLEXURAL  MEASUREMENTS  ON  LARGE  BARS 

The  flexural  measurements  reported  in  the  previous  (semi- 
annual) report  were  all  made  on  miniature  bars  (1.5”  x .05' 
x .08"  to  .1").  Also,  all  these  measurements  were  on  unidirec- 
tional axially  reinforced  bars  made  under  very  carefully  controlled 
conditions  to  minimize  void  formation.  It  was  felt  that  tests 
on  larger  bars  made  from  prepreg  and  with  crossplying  would 
give  a more  practical  evaluation  of  the  usefulness  of  fiber 
reinforced  plastics  at  low  temperature. 

For  the  flexural  tests  at  low  temperature  on  these  bars 
(3  1/2”  in  length),  a new  test  jig  was  designed  and  built  as 
shown  in  Fig.  2.  This  jig  was  designed  to  bolt  on  the  bottom 
of  a standard  Instron  crosshead  so  that  there  was  enough 
clearance  to  put  in  place  a double  dewar  of  liquid  helium 
surrounded  by  liquid  nitrogen  and  remove  it  at  the  end  of 
each  run.  The  double  dewar  system  utilized  two  glass  dewars 
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held  apart  by  plastic  foam  spacers  and  clamped  together  by 
an  outer  framework  to  prevent  the  inner  dewar  from  floating. 

The  inner  dewar  measured  3 3/4”  in  inside  diameter,  while 
the  outer  one  was  6"  in  inside  diameter.  Space  between  them 
was  1/2".  Total  heighth  was  16". 

The  procedure  used  in  testing  was  to  fill  the  outer  dewar 
with  liquid  nitrogen  and  the  inner  with  liquid  helium  (after 
precooling  with  liquid  nitrogen);  then  precool  the  jig  by 
immersing  it  in  another  liquid  nitrogen  dewar.  When  bubbling 
had  stopped  in  the  liquid  nitrogen,  that  dewar  was  removed  and 
the  double  dewar  slowly  brought  up  around  the  jig.  A transfer 
tube  with  a flexible  section  in  it  was  then  introduced  into  the 
liquid  helium  dewar  and  left  there  for  the  remainder  of  the 
test.  Liquid  helium  was  transferred  into  the  dewar  until  a 
resistance  thermometer  about  3”  above  the  sample  position 
indicated  the  helium  level  had  reached  that  point.  The  sample 
was  held  in  liquid  helium  for  ten  minutes  before  testing; 
liquid  helium  was  added  if  its  level  dropped  below  the  resis- 
tance thermometer  level  at  any  time  during  the  test. 

This  procedure  was  fairly  economical  of  liquid  helium 
since  the  dewar  was  usually  about  1/4  full  of  liquid  helium 
left  from  the  previous  test  when  the  next  one  starteJ,  and 
this  was  used  in  cooling  the  jig  initially. 

All  tests  were  run  at  a crosshead  speed  of  0.1''/minute 
although  this  speed  is  unlikely  to  be  critical  since  the 
samples  at  liquid  helium  temperature  exhibited  almost  zero 
plastic  flow.  The  stress-strain  curves  were  linear  right 
up  to  the  first  break. 

DISCUSSION  OF  RESULTS 

Table  3 summarizes  the  results  of  the  flexural  tests 
made  on  the  3 1/2"  long  bars.  The  first  three  samples  of 
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unidirectionally  S-glass  reinforced  828/1031  were  made  from 
prepreg  made  in  our  drying  tower  and  vacuum  molded.  However, 
vacuum  molding  in  the  case  of  prepreg,  with  most  of  the 
solvent  already  driven  off,  may  not  be  as  effective  in  remov- 
ing trapped  gases  as  for  the  1.5"  samples  which  were  vacuum 
molded  wet.  In  the  latter  case,  it  is  felt  that  the  boiling 
off  of  solvent  in  the  mold  in  vacuum  helps  to  drive  off  the 
trapped  gas.  Two  of  the  samples  made  from  prepreg  had  fairly 
large  void  volumes  and  yet  still  showed  very  good  flexural 
strength  at  4°K.  This  is  encouraging,  if  the  effect  is  true, 
because  it  would  indicate  that  Che  presence  of  voids  may  not 
be  as  serious  a problem  at  low  temperature  as  we  know  it  to 
be  at  room  temperature.  Certainly,  more  work  would  have  to 
be  done  before  being  sure  that  this  is  so. 

The  results  bracketed  and  asterisked  were  carried  out  at 
a lower  span-to-thickness  ratio,  and  in  these  tests  all  four 
samples  failed  by  interlaminar  shear  at  the  values  noted  in 
the  chart.  Because  of  these  failures,  it  was  felt  unnecessary 
to  do  any  special  interlaminar  shear  tests  on  the'  large  S-glass 
828/1031  samples. 

The  tests  made  on  the  samples  with  fibers  running  trans- 
versely showed  the  expected  low  strength.  The  crossplied 
samples  were  also  fairly  weak  even  when  tested  with  one  layer 
of  fibers  lying  along  the  axis  of  the  flexural  beam.  This  may 
have  been  because  the  outermost  layer  of  fibers  ran  transverse 
to  the  sample  axis.  No  samples  were  tested  where  the  outer 
layer  of  fibers  in  a crossply  laminate  ran  parallel  to  the  axis. 
This  should  probably  be  done.  The  samples  tested  at  45°  to  the 
fiber  directions  in  the  crossply  laminate  were  also  fairly  weak. 

The  PRD-49  reinforced  bars  exhibited  flexural  strenghts 
far  greater  than  would  be  expected  for  this  material  at  room 
temperature;  however,  the  values  were  considerably  lower  than 
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for  the  S-glass  samples.  The  higher  modulus  of  this  material 
might  make  it  attractive  when  coupled  with  low  thermal 
conductivity.  Its  low  coefficient  of  expansion  might  also 
prove  useful. 

The  carbon  reinforced  bars  were  a little  weaker  than 
the  PRD-49  bars  but  did  exhibit  greater  stiffness  as  well 
as  a low  coefficient  of  expansion.  Tables  4,  5,  6,  and  7 
summarize  the  results  of  all  the  tests  made  on  4 1/2"  bars 
of  S-glass  reinforced  828/1031  and  of  Modmor  II  reinforced 
828/1031. 

All  these  results  were  subjected  to  statistical  analysis 
to  determine  how  fiber  volume  content,  voids,  and  density 
of  the  samples  affected  flexural  strength,  flexural  stiffness, 
percent  elongation  (outer  fiber)  at  break,  and  interlaminar 
shear  strength.  Table  4 covers  the  first  three  dependent 
variables  for  S-glass  reinforced  samples. 

For  the  twenty  tests  run,  the  average  flexural  strength 

was  586,000  PSI . The  main  correlation  was  with  density, 

accounting  for  59%  of  the  observed  variation.  The  expression 

F - -403  + 510D  gives  the  best  line  through  the  points  where 

F is  flexural  strength  in  thousands  of  PSI,  and  D is  density 

in  g/ml.  At  a density  of  2.0(60  volume  % fiber)  flexural 

strength  from  this  expression  is  617,000.  For  stiffness  the 

6 

mean  value  was  7.86  x 10  PSI;  the  best  correlation  was  with 
fiber  volume  %.  Seventy-seven  percent  of  the  variation  was 
explained  by  the  correlation.  The  best  expression  was 
M - -2.53  + .176  x Vj  where  M - modulus  of  elasticity  in 
millions  of  PSI,  and  is  volume  % fiber.  At  60%  fiber 
this  gives  a modulus  of  8.03  million  PSI.  At  70%  fiber  it 
would  be  9.79  million  PSI. 
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For  outer  fiber  elongation  at  break,  the  mean  was 
6.97%;  the  best  correlation  was  with  voids.  The  expression 

E - 7.47  - .15  V 

where  E - elongation  in  % and  V - void  volume  in  %,  explains 
54%  of  the  variation.  At  0%  voids,  the  elongation  is  7.47%. 

For  interlaminar  shear  only,  eight  tests  were  run  on 
S-glass/828-1031.  They  are  shown  in  Table  5.  The  mean  was 
26840  PSI;  the  best  correlation  was  with  voids,  explaining 
60%  of  the  observed  variation.  The  expression 

S = 30900  - 2927  V 

is  the  best  line  through  the  results  where  S “ interlaminar 
shear  in  PSI  and  V = void  volume  percentage. 

For  the  Modmor  II  reinforced  828/1031,  the  flexural  test 
results  are  shown  in  Table  6.  The  mean  value  for  flexural 
strength  was  202,000  PSI;  the  best  correlation  was  with  fiber 
volume  % but  only  34%  of  the  variation  was  explained.  A 
better  correlation  was  obtained  by  the  double  regression 
versus  fiber  volume  % and  void  volume  %,  which  accounted 
for  52%  of  the  observed  variation. 

F - 900  - 9.42  Vf  - 35.6  Vy 

where  F - flexural  strength  in  thousands  of  PSI;  - volume 
% fiber;  and  Vy  - volume  % voids.  At  64  volume  % fiber  and 
1%  voids,  flexural  strength  from  this  expression  is  26?, 000 
PSI.  Obviously,  this  expression  cannot  hold  over  a very 
large  range  of  fiber  volume  % since  strength  is  bound  to 
begin  to  decrease  with  decreasing  fiber  volume  at  some  point. 
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For  stiffness,  the  wean  was  22.8  x 10  PSI ; the  best 
correlation  was  with  density,  explaining  66%  of  the  observed 
variation. 

M ■ -139.4  + 101.4  D is  the  best  line  through  the  points 
where  M - modulus  of  elasticity  in  millions  of  PSI  and  D = 
density  in  g/ml.  At  a density  of  1.60  g/ml  (approx.  64% 
fiber),  the  modulus  of  elasticity  would  be  22.8  million  PSI. 

For  outer  fiber  elongation  at  break,  the  mean  was  1.25%; 
the  best  correlation  was  with  fiber  volume  %,  accounting  for 
58%  of  the  observed  variation. 

E -*  7.06  - .0875  is  the  best  line  through  the  data 
where  E is  elongation  in  % and  Vf  is  fiber  volume  %.  At  64% 
fiber  volume  this  gives  E = 1.46%. 

For  interlaminar  shear,  the  mean  of  eleven  tests  was 
20350.  Best  correlation  was  with  fiber  volume  % and  void 
volume.  Only  48%  of  the  variation  was  explained.  With  fiber 
volume  alone,  the  correlation  was  only  40%  of  the  variation 
explained.  The  expression 

S - 24600  + 677  V*  + 950  V 

f v 

is  the  best  line  through  the  results.  The  fact  that  shear 
is  higher  for  higher  void  volumes  is  surprising  and  probably 
indicates  that  the  correlation  is  not  very  meaningful.  For 
64%  fiber  volume  and  1%  voids,  shear  calculates  to  be  19700 
PSI. 

It  is  surprising  that  interlaminar  shears  are  so  high 
for  both  S- glass  reinforced  bars  and  for  Modmor  II  reinforced 
bars  at  4°K.  This  may  be  caused  by  the  differential 
coefficient  of  expansion  between  reinforcing  fiber  and  resin; 
the  low  shrinkage  of  the  fiber  on  cooling  to  4°K  would  tend 
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to  force  the  greater  resin  shrinkage  to  occur  in  a transverse 
direction  rather  than  along  the  fibers.  Thus,  the  resin  may 
be  effective  put  into  a state  of  compression  transversely 
which  would  tend  to  increase  shear  strength  along  planes 
parallel  to  the  fibers. 

The  high  strength  of  S-glass  epoxy  composites  at  low 
temperature  is  undoubtedly  due  to  the  higher  strength  of 
glass  itself  at  low  temperature.  The  improvement  in  glass 
strength  is  manifested  largely  as  a gross  decrease  in  the 
rate  of  decay  of  strength  after  application  of  load.  Whereas, 
at  room  temperature,  a?  much  as  50%  of  strength  can  be  lost 
only  a few  seconds  after  applying  load,  the  strength  is  main- 
tained much,  much  longer  at  low  temperature.  This  does  suggest 
that  experiments  on  creep  rupture  of  composites  at  low  temper- 
ature should  be  carried  out  to  determine  just  how  fast  the 
material  loses  strength  after  application  of  load,  as  this 
would  be  a critical  point  in  design. 

The  crossplied  specimens  seem  to  be  weaker  than  one  would 
expect.  This  was  particularly  true  for  the  samples  tested  at 
45°  to  the  fiber  orientation.  These  samples  failed  by  splitting 
along  the  fibers  showing  that  the  failure  was  in  adhesion  between 
glass  and  resin.  Probably  the  crossplied  specimens  exhibit 
considerable  extra  stress  concentration  in  the  resin  matrix 
compared  with  the  unidirectionally  oriented  fiber  specimens. 

This  points  up  the  necessity  for  designing  so  that  the  major 
stresses  are  carried  by  the  fibers  in  tension  and  so  that  shear 
stresses  between  fibers  and  between  layers  are  minimized.  Part 
of  the  weakness  in  crossplied  specimens  is  undoubtedly  due  to 
contraction  stresses  set  up  between  layers  with  the  fibers 
running  in  different  directions.  Here  is  where  carbon  fiber 
and  PRD-49  with  their  smaller  coefficient  of  expansion  could 
prove  useful. 
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The  fact  that  the  glass  reinforced  specimens  were  so 
tough  (did  not  shatter  in  brittle  failure)  is  probably  a 
manifestation  of  the  high  elongation  these  fibers  will 
endure  before  failure.  Carbon  and  boron,  on  the  other  hand, 
will  endure  only  small  elongations  so  that  it  is  harder  to 
distribute  the  stress  among  the  fibers  more  uniformly  around 
a flaw. 

In  general,  these  test  results  on  composites  at  low 
temperature  are  encouraging  for  their  future  use  in  low 
temperature  structural  applications.  However,  there  are 
still  serious  unanswered  questions  about  the  feasibility  of 
designing  structures  for  use  at  such  temperatures  due  to 
problems  of  differential  coefficient  of  expansion  and  adhesion 
to  surrounding  components.  These  should  be  answered  in  further 
work. 

CONCLUSIONS 

When  unidirectional  epoxy  matrix  composites  are  stressed 
parallel  to  the  fibers,  the  strengths  at  4°K  are  good  for  all 
fiber  reinforcements  studied  and  are  strikingly  good  in  the 
case  of  S-glass.  The  interlaminar  (short  beam)  shear  strengths 
were  very  good,  perhaps  attributable  to  the  shrinkage  of  the 
resin  around  the  fibers  upon  cooling  as  already  discussed. 

The  transverse  strength  was  measured  in  the  case  of  the  S-glass 
composites  and  gave  values  comparable  to  the  interlaminar  shear 
strength.  Both  situations  are  due  to  matrix  cohesive  failure, 
or  fiber-matrix  adhesive  failure,  and  do  not  involve  fiber 
breakage.  However,  the  strain-to-fail  in  the  transverse 
direction  was  only  1/10  of  that  in  the  parallel  direction. 

This  may  account  for  the  relatively  low  strength  observed 
for  the  0°/90°  corssplied  composite  with  the  same  reinforcement 
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when  tested  in  the  0s  direction.  Because  of  the  excellent 
matrix-fiber  bonding,  transverse  cracks  in  the  matrix  resin 
would  not  be  blunted  by  the  well  known  fiber-matrix  delamina- 
tion mechanism.  Instead  the  cracks  in  the  matrix  would  act 
as  stress  raisers.  The  same  crossplied  material,  when  tested 
in  the  45°  direction  was  weaker  yet.  If  this  explanation  is 
correct,  then  a fiber-matrix  resin  system  with  a lesser 
interlaminar  shear  strength  should  lead  to  an  improvement  in 
strength  of  the  crossplied  structures. 

In  any  case,  these  results  indicate  that  the  composites 
intrinsically  have  good  tensile  strength,  but  that  design  of 
complex  structures  will  require  careful  attention  to  a prcper 
balance  of  properties. 
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Table  2.  Coefficient  of  Expansion  of  S-Glass,  PRD-49,  and 
Modmor  II  Epoxy  Composites  Between  25 °C  and  4°K 

All  Samples  were  4 1/4"  in  Length 
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Table  5.  Summary  of  Interlaminar  Shear  Tests  at  4 K on 
S-Glass  Uniaxially  Reinforced  828/1031 
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Table  6.  Summary  of  Flexural  Tests  at  4#K  on  1.5"  Long  Bars 
of  Uniaxially  Reinforced  Carbon  (Modmor  11)  828/1031 

All  Tests  at  16:1  Span- to-Thickness  Ratio 
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INTRODUCTION 


In  designing  and  fabricating  hardware,  the  goal  is  to  produce 
tough  hardware.  To  claim  that  a structure  is  "tough,"  it  is  es- 
sential to  know  how  tough  it  is.  In  other  words,  how  big  is  the 
margin  and  what  confidence  level  exists.  The  transition  temper- 
ature approach,  as  characterized  by  nondestructive  testing  (NDT) , 
utilizes  AT  as  the  safety  margin.  Although  the  transition  tem- 
perature approach  to  design  has  been  widely  used  in  the  past,  it 
is  rapidly  being  replaced  by  the  more  complex  fracture  mechanics 
design  approach.  The  safety  margin  using  fracture  mechanics  is 
the  crack  size. 

Although  more  complex  and  subject  to  mo^*e  limitations,  the 
fracture  mechanics  approach  provides  a quantitative  relationship 
between  fracture  strength,  crack  size,  and  a material  property 
called  "fracture  toughness."  This  a highly  useful  relationship 
because  the  fracture  strength  of  a cracked  component  can  be  esti- 
mated from  a laboratory  test  of  a crack  coupon  containing  a crack 
of  different  size  and  shape. 

The  term  K is  the  most  commonly  used  fracture  mechanics 
Ic 

term.  It  is  defined  as  the  critical  value  of  the  elastic  crack 
tip  stress  intensity  factor  under  plane  strain  for  the  opening 
mode  condition. 
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The  plane-strain  term  means  the  minimum  toughness  value  that 
occurs  under  conditions  of  full  restraint.  To  achieve  full  re- 
straint, there  must  be  sufficient  material  along  and  ahead  of  the 

advancing  crack  to  keep  contractions  at  their  irreducible  mini- 
mums. 

Another  common  term  is  K£,  which  is  the  critical  stress  inten- 
sity factor  estimated  from  a nominal  fracture  stress  that  is  not 
truly  elastic.  This  situation  occurs  for  conditions  of  less  than 
full  restraint. 

A concept  for  predicting  postyielding  fracture  is  based  on  the 
J-integral  approach.  J is  a proposed  material  property  (units  * 
in. -lb/in.4-)  . The  objective  is  to  predict  the  behavior  of  a 
flawed  structure  from  measurements  of  test  specimens  in  essen- 
tially the  same  manner  in  which  K measurements  are  used.  The  J- 
integral  basically  considers  deformation  energy  over  an  area 
surrounding  the  flaw  but  does  not  model  crack  tip  behavior. 

The  purpose  of  this  portion  of  the  program  is  to  establish 
preliminary  characterization  of  the  fracture  and  crack  growth 
behavior  in  thick  gages  of  three  alloy  candidates  being  considered 

for  use  in  superconducting  equipment.  The  three  alloys  evaluated 
are: 

1)  304L  stainless  steel; 

2)  A-286  stainless  steel; 

3)  X-750  nickel  alloy. 
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During  the  first  year,  all  alloys  were  evaluated  using  parent 
metal  stock  to  provide  static  fracture  toughness  and  cyclic  flaw 
growth  behavior  at  temperatures  in  the  range  of  77  to  4°K. 

All  fracture  and  cycling  tists  were  performed  using  compact 
tension  specimens.  The  maximum  thickness  was  selected  in  an 
attempt  to  approach  valid  plane  strain  conditions,  while  recogniz- 
ing that  attainment  of  validity  in  accordance  with  ASTM  specifi- 
cations was  unlikely. 
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MATERIALS 


Stock  of  each  alloy  was  obtained  in  both  1-in.  and  2-in. 
thicknesses.  The  304L  stainless  steel  was  obtained  in  the  form 
of  plate  material.  No  certifications  or  analyses  were  available 
for  this  material.  The  1-in.  thick  A-286  stainless  steel  was  ob- 
tained as  1 in.  x 3 in.  fist  rolled  stock.  Two-in.  A-286  and 
both  gages  of  X-750  nickel  alloy  were  purchased  as  forgings  (1  in. 
x 3 in . and  2 in . x 5 in . ) . 

Certified  test  report  data  for  the  A-286  and  X-750  materials 
are  given  in  Table  II-l. 

Table  II~1  Certified  Teat  Report  Data 


Mechanical  Properties 

Material 

Thickness , 
in. 

Heat 

Ho. 

Condition 

Chemical  Analysis 

Tensile 

Strength, 

ksi 

Yield 

Strength, 

ksl 

Elonga- 
tion , 

X 

R.A. , 

X 

A-286 

i 

L2397-K11 

STA 

26.97  Ni,  14,30  Cr, 
2.25  Ti,  1.12  Mo, 

1.31  Mn,  0.54  Si, 

0.25  V,  0.05  C 

147  (L) 

144  (T) 

103  (L) 

112  (T) 

24 

45 

A-286 

2 

6870-6 

STA 

26.66  Ni,  15.30  Cr, 
2.16  Ti,  1.36  Mo, 

0.74  Mn,  0.45  Si, 

0.31  V,  0.05  C 

156 

118 

24 

49 

X-750 

1 and  2 

31C6X8 

ST 

73.84  Ni,  15. 2"  Cr, 
6.22  Fe,  2.69  Ti, 

0.89  Cb  + Ta,  0.05  C 

184 

140 

23 

37 

The  X-750  alloy  was  procurred  in  the  solution-treated  condi 
tion.  Aging  was  performed  by  Martin  Marietta  for  20  hours  at 
1300°F,  followed  by  air  cooling. 
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Metallographic  examination  was  performed  on  sections  removed 
from  both  gages  of  each  alloy.  Normal  microstructures  were  dis- 
played for  all  conditions  except  the  2-in.  gage  of  A-286  and  X-750. 
These  materials  exhibited  very  coarse  grain  size.  Micrographs  for 
each  material  condition  are  given  in  Figures  II-l  thru  II-3. 

Tensile  test  specimens  were  machined  from  the  2-in.  stock  and 
tested  at  room  temperature.  Tensile  properties  as  well  as  hard- 
ness properties  for  both  gages  are  given  in  Table  II-2. 

Table  II-2  Tensile * and  hirdness  Data  for  the  Three  Alloys  at  298K 


Alloy 

Ultimate 

Strength, 

ksi 

Yield 

Strength, 

ksi 

Elongation, 

to 

Reduction 
in  Area,  % 

— — 

Hardness 

(Rockwell) 

304L 

89.7 

43.6 

74 

75 

B85  (2-in.) 
B86  (1-in.) 

A-286 

154.3 

105.2 

27 

47 

C30  (2-in.) 
C34  (1-in.) 

X-750 

159.4 

113.8 

15 

13 

C35  (2-in.) 
C35  (1-in.) 

*From  2-in.  stock. 
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l-in.  thick 


2-in.  thick 


Micro 8 tincture  of  A-P86 . Stainless  Steel 


Figure  II- 


1-in.  thick 


2-in.  thick 


Figure  II-3  Mia restructure  of  X-750  Nickel  Alloy 
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TESTING  TECHNIQUES  AND  APPARATUS 
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This  chapter  describes  the'-specimen  geometries  selected, 
testing  apparatus,  and  techniques  used  to  generate  the  data  con- 
tained in  this  report. 

The  principal  specimen  used  for  this  program  was  the  compact 
tension  (CT)  type,  formerly  known  as  the  wedge-opening  loading 
(WOL)  type.  The  following  paragraphs  describe  the  development 
of  the  specimen  type  in  some  detail. 

The  WOL  specimens  have  been  used  to  determine  the  K of  a 

Ic 

variety  of  materials.*  In  addition  to  the  high-strength  rela- 
tively brittle  materials  initially  investigated,  considerable 
data  have  been  developed  for  low-  and  intermediate-strength 
steels.  For  most  of  these  materials,  KT  has  been  determined 
over  a wide  range  of  temperatures. 

The  initial  work,  reported  by  Manjoine,*  was  directed  toward 
developing  a small  test  specimen  for  irradiation  damage  studies. 
Figure  III-l  shows  the  general  dimensions  of  the  specimen.  In 
utilizing  this  specimen  for  fracture  mechanics,  the  basic  diffi- 
culties with  the  original  specimen  wera  the  lack  of  a precise 


*W.  F.  Brown,  Jr.  and  J.  E.  Srawley:  "Plane-Strain  Crack  Tough- 
ness Testing  of  High-Strength  Metallic  Materials."  ASTM  Spec. 
Tech.  Publ.  No.  410,  167. 

t 

M.  J.  Manjoine:  "Biaxial  Brittle  Fracture  Tests."  Basic  Engr.g, 
Trans , ASME,  1965,  pp  293-298. 
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stress  analysis  for  an  exact  expression  for  G or  K,  and  the  use 
of  a precompression  technique  to  introduce  a crack  at  the  root 
of  the  machined  notch.  The  latter  resulted  in  residual  stresses 
and  plastic  deformation  that  affected  the  fracture  load;  hence, 
the  apparent  KT  values. 


Biaxial  Brittle  Fracture  Specimen  as  Developed  by  Manjoine 


Recognizing  the  merit  in  the  basic  concept  of  the  specimen 
and  its  potential  as  a possible  small  convenient  specimen  for 
universal  *3  or  KIc  fracture  toughness  testing  and  subcritical 
crack  grovth  studies,  further  efforts  were  made  to  refine  the 
specimen  and  to  obtain  a precise  stress  analysis  to  gain  an  ex- 
act expression  for  K];  or  GJ.  This  work  included  analytical  stress 
analysis ,*  a compliance  calibration  of  a large  steel  specimen/  a 


*A.  M.  Wahl,  M.  M.  Leven,  and  W.  K.  Wilson.  "Energy  Release  Rate 
for  Biaxial  Brittle  Fracture  Test  Specimen."  AE(  Res.  Devel.  Rep. 
No.  WERL-8844-1,  1963. 

*A  J.  Bush  and  W.  K.  Wilson:  "Experimental  Determination  of  the 
Energy  Rate  Release  for  Biaxial  Brittle  Fracture  Specimen.  ARC 
Res.  Devel.  Rep.  No.  WERL-8844-2,  1964. 
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three-dimensional  photoelastic  stress  analysis,  and  more  recent 
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analyses  employing  sophisticated  techniques.* 

The  nominal  plane-strain  stress  intensity  factors  are  readily 
determined  using  the  appropriate  calibration  curves  for 

p ^r 

K ■ Y • — — = nominal  value  of  plane-strain  stress  intensity 
I BW 

factor  for  opening  mode  of  crack  extension, 

where 

Y = numerical  constant  (dimensionless  stress  intensity  parameter) 
obtained  from  Figure  III-2  using  appropriate  a/W, 

P ■ load  (lb)  from  test  record  at  onset  of  crack  instability, 
a « crack  length  (in.)  at  the  time  of  onset  of  crack  instability, 
B * specimen  thickness  (in.), 

W = specimen  width  (centerline  of  loading  to  back  edge) . 

The  corresponding  calibration  curve  as  determined  by  the  colloca- 
tion technique  is  given  in  Figure  III-2. 

+ § 

Further  optimization  studies  ’ of  the  WOL-type  of  specimen 
have  been  conducted.  The  effort  was  directed  at  the  possibility 


*W.  K.  Wilson:  "Analytic  Determination  of  Stress  Intensity  Fac- 
tors for  the  WOL  Brittle  Fracture  Test  Specimen."  AEC  Res.  Devel. 
Rep.  No  WERL-0029-3,  1965. 

J.  E.  Srawley:  "Notes  on  Design  of  Compact  Rectangular  Crack- 
line-Loaded  KIc  Specimens."  Minutes  Mtg  Subcommittee  I on  High- 

Stre  igth  Metallic  Materials  of  Committee  E24  on  Fracture  Testing 
of  Metals,  1966. 

§ 

J.  E.  Srawley:  "Compact  Crackline-Loaded  Specimen  Tests  on 
A£7075-T651  - Comparison  with  Bend  Test  Results."  Rotes  to  Sub- 
committee I of  ASTM  Committee  E-24,  1967. 
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Figure  III-3  Compact  Tension  Specimen 


Compact  Tension  Specimen 
(2-Pin  Loading) 

For  a/W  - 0.3  - 0.7 
K,BW  r 


K bw  r 2 3 

V - — - - 0.2960  - 1.855  (§)  -10.17(5)  +6.1 

p/I  L / 'w/  'w/ 

For  a/W  - 0.4-0. 6 / 

KIBW  r / <a*  I a \ 2~| 

[23-12-6J-67(w)  + ”-31(t)  J 


/ 5 - °-i0 

2 - / p/I  - 

S - Y‘  w 

•0 1 1 L 1 i l ‘ 

0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9 

Dimensionless  Crack  Length,  a/W 


0B  D - 0.5B 
a - 1.0B  Wj  - 2.5B 

H - 1.2B  Hj  - 0.65  B 


Figure  III-*  K Calibration  f'v  Compact  Tension  (CT)  Specimen 


A liquid  helium  testing  cryostat  was  designed  and  fabricated 
specially  for  this  program.  The  system  consists  of  an  internal 
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load  frame  fabricated  from  filament-wound  glass-epoxy  rods,  a 
titanium  base  plate,  and  a liquid  nitrogen  jacketed  helium  dewar. 
The  system  is  designed  to  accommodate  2-in. -thick  standard  com- 
pact tension  specimens  and  to  sustain  forces  up  to  50,000  lb. 
Figure  III-5  show'  a close-up  view  of  the  load  train  with  a spec- 
imen installed.  An  overall  view  of  the  sealed  cryostat  installed 
in  the  100,000-lb  MTS  machine  is  given  in  Figure  III-6.  The 
cryostat  is  equipped  with  level  sensors  so  that  economical  use  of 
liquid  helium  can  be  assured  The  system  is  precooled  with  liq- 
uid nitrogen;  following  cooling,  the  liquid  nitrogen  is  removed 
from  the  system  by  pressurizing  the  cryostat.  Care  is  taken  to 
insure  that  all  liquid  nitrogen  is  removed  frwm  the  system,  be- 
cause of  the  deleterious  effect  on  helium  utilization  resulting 
from  residual  liquid  nitrogen.  Typical  liquid  helium  consump- 
tion for  the  system  is  approximately  40  liters  per  fill  and  test 
of  moderate  duration.  Following  test,  liquid  helium  is  back 
transferred  to  the  supply  dewar. 
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Figure  ITI-6  Overall  Vieu  of  Liquid  Helium  Testing  System 


Crack  opening  displacement  measurements  were  made  using  a 
clip  gage  attached  to  the  specimen  by  removable  knife  edges.  The 
clip  gage  used  is  a recently  developed  MTS  cryogenic  gage  (Model 
632.02B-21).  Performance  of  the  gage  was  excellent  at  4°K;  how- 
ever, it  is  necessary  to  operate  at  low  excitation  levels  to 
preclude  localized  boiling  of  the  cryogens. 

Compliance  curves  were  determined  experimentally  for  each 
temperature  and  alloy.  Data  points  were  obtained  by  cycling  to 
obtain  small  growth  bands  at  progressively  increasing  loads  for 
marking  purposes.  After  opening  the  specimen,  actual  average 
crack  lengths  were  measured  and  plotted  versus  compliance  meas- 
urements. In  this  way,  the  crack  front  curvature  characteristic 
of  the  material  is  truly  incorporated  into  the  compliance  meas- 
urement. Experiment  curves  were  in  fair  agreement  with  calculated 
curves.  It  is  probable  that  failure  to  have  good  modulus  data 
contributed  to  the  discrepancy.  Curves  generated  at  77  and  4°K 
(for  each  alloy)  were  almost  identical. 

The  compact  tension  specimens  were  precracked  at  room  tem- 
perature. Force  levels  were  determined  on  a trial  and  errbr 
basis  at  the  lowest  level  consistent  with  obtaining  crack 
sharpening  in  less  than  100,000  cycles.  Precracking  force  are 
noted  for  each  specimen.  Specimens  used  for  obtaining  da/dN  at 
low  stress  intensity  levels  were  often  recracked  at  low  force 
levels  to  assure  that  crack  growth  rate  data  were  obtained  at 
force  levels  above  that  used  for  precracking. 
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Two  sizes  of  specimens  (1-in.  and  2-in.  thick)  were  prepared. 
Geometries  were  in  accordance  with  those  described  in  E399. 
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IV. 


EXPERIMENTAL  RESULTS 


A.  STATIC  FRACTURE  TOUGHNESS 

1 . Linear  Elastic  Tests 

Testing  to  develop  critical  stress  intensity  data  for 

each  alloy  was  performed.  It  was  recognized  that  the  high  tough- 
ness of  the  alloys  lowered  the  probability  of  obtaining  data  that  - 
satisfied  the  ASTM  E399  validity  criteria.  However,  it  was  be- 
lieved that  the  two  heat  treatable  alloys  might  produce  data  that 
came  close  to  achieving  validity. 

Experimental  data  are  given  in  Tables  IV-1  thru  IV-3.  In- 
cluded in  these  tables  are  the  validity  checks  for  load  (P^J  and 
geometry  (thickness  and  crack  length).  Although  very  few  tests 

satisfied  the  criteria  of  P P.  < 1.10,  calculation  of  K and 

max  Q — Q 

the  thickness  and  crack  length  criteria 


were  neverthless  performed  to  provide  some  insight  into  the  na 

ture  of  the  fracture  behavior. 

The  data  show  that  no  valid  KT  results  were  obtained. 

ic 
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Temper- 

Thick- 

ature, 

ness  , 

K 

in. 

Taole  IV -1  Static  Fracture  Toughness  Data  for  304L  Stainless  Steel 


Load,  kips  P 


Crack  Length 


a/W 


ksi> in. 


.520  7.0  17.8  2.54 

.620  4.0  11.5  2.88 

.805  1.3  3.2  2.46 


0.525  9.5  17.5  1.81  10.4 
0.525  8.0  16.8  2.10  10.4 


0.565  29.0  58.8  2.03  11.9 

0.558  28.0  60.9  2.17  11.6 

0.578  27.0  56.4  2.09  12.4 


0.540  36.0  62.4 

0.530  35.0 


2.53  0.632  44.9 
2.73  0.682  21.9 
2.75  0.687  25.6 


15.5  174 

19.6  107 

20.1  129 


' ys  / 

KIc’_ 

ksi» in . 

2.5 

1.8 

2.5 

tTJ 

1.8 

u 

fO 

Q 

' .4 

- i 

6 . 6 

7.1 

•n 

to 

> 

4.9 

0 

2 

4.3 

21 

8 

12 

(77K)  ^ 50  ksi 
(20K)  - 70  ksi 
(4K)  % 60  ksi 


Table  IV-2  Static  Fracture  Toughness  Data  for  A-286  Stainless  Steel 


Temper- 

ature, 

K 


Thick- 

ness, 

in. 


Crack  Length 

a/W 

isa 

0.510  1 

1 .03 

era 

1.01 

KzH 

2.47 

0.618 

2 32 

0.580 

2.33 

0.582 

2.45 

0.613 

2.53 

0.632 

2.51 

0.628 

2.75 

0.688 

Load , kips 


kq._ 

ksiv in. 

' ys  / 

‘ic- 
ksiv in. 

118.8 

1.8 

129.3 

2.1 

116.7 

1.5 

120.5 

1.6 

4J 

to 

182.8 

4.2 

Q 

168.8 

3.7 

•H 

to 

177.0 

3.5 

> 

148.1 

2.5 

o 

z 

191.8 

3.6 

190.0 

3.5 

207.0 

3.4 

i 140  ksi 
% 150  ksi 
« 160  ksi 


I 


( 
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Table  IV-S  Static  Fvcture  Toughness  Data  for  X-750  Nickel  Alloy 


Temper-  Thick-  _ , . Load,  kips  P „ 

Crack  Length  max  K„, 

ature,  ness, p p -5 — Q 

K in.  a,  in.  a/W  Q max  Q Y ksi/in. 


\ ys / 


1.06  0.530  17.5  25.2  1.44  10.5  130 

1.11  0.555  15.8  20.2  1.28  11.5  129 


1.05  0.525  22.0  26.8  1.22  10.4  104 

1.03  0.515  19.0  27.3  1.44  10.0  134 


2.19  0.548  59.7  64.9  1.08  11.1  166 

2.10  0.525  75.0  83.0  1.11  10.4  195 


2.34  0.585  52.5  67.4  1.08  12.8  168 


2.08  0.520  56.9  64.5  1.15 


2.75  0.687  32.4  36.0  1.11 
2.70  0.675  36.1  40.0  1.11 


0 ( 77K)  ^ 130  ksi 

yy  (2 OK)  % 140  ksi 
(4K)  ~ 145  ksi 


As  expected,  the  304 ^ failed  to  satisfy  the  load  criteria  by 
a significant  degree.  However,  some  of  the  A-286  and  X-750  re- 
sults came  close  to  satisfying  both  validity  criteria.  It  is 


interesting  to  note  that  if  we  consider  the  results  and  com- 


pare data  for  the  two  thicknesses,  it  is  found  that  apparent 
toughness  increases  significantly  with  specimen  size.  This  ob- 
servation is  consistant  with  data  from  other  sources  and  handi- 
caps the  compact  tension  specimen  as  a type  that  can  be  expected 
to  provide  data  useful  to  service  behavior  predictions. 
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J-Integral  Analysis 


In  its  current  state,  linear  elastic  fracture  mechanics  is 


limited  to  cases  where  small  crack-tip  plasticity  is  involved, 


i.e.,  for  low-toughness  materials  at  nominal  stresses  well  below 


the  yield  strength.  However,  there  are  many  important  design 


situations  where  it  is  desirable  to  have  a failure  criterion  that 


can  predict  defect-controlled  failure  for  cases  of  large  scale 


plasticity.  For  example,  medium  strength  steels  of  high  frac- 


ture toughness  used  in  superconducting  machinery  general 1y  ex- 


hibit considerable  crack-tip  plasticity  that  limits  the  applica- 


bility of  linear  elastic  fracture  mechanics 


The  J-integral  concept  pr  posed  by  Rice*  as  an  analytical 


tool  for  elastic-plastic  crack  tip  field  analysis  has  been  ad- 


vanced by  Begley  and  Landes  ' 5 as  an  elastic-plastic  fracture 


criterion.  The  engineering  performance  parameter  is  the  rate  of 


change  in  deformation  energy  with  respect  to  crack  area,  called 


J.  J was  first  measured  experimentally  from  load  versus  load 


* J . R.  Rice:  "A  Path  Independent  Integral  and  the  Approximate 
Analysis  of  Strain  Concentration  by  Notches  and  Cracks.  Trans. 

ASHE,  Journal  of  Applied  Mechanics.  Vol  90,  p 379-386,  1968. 


+j.  A.  Begley  and  J.  D.  Landes:  "The  J-Integral  as  a Fracture 
Criterion:  Fracture  Toughness."  Proceedings  of  the  7971  Na- 
tional Symposium  on  Fracture  Mechanics , Part  II,  ASTM  STP  514, 
p 1-20,  1972. 


§J.  D.  Landes  and  J.  A.  Begley:  "The  Effect  of  Specimen  Geometry 

on  J : Fracture  Toughness."  Proceedings  of  the  1971  National 

Ic 

Symposium  on  Fracture  Mechanics  . Part  II,  ASTM  STP  514,  p 24-39, 
1972. 
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point  displacement  curves  using  a compliance  technique  where 
several  specimens  of  different  crack  lengths  were  needed  as  shown 
by  Begley  and  Landes.  The  area  under  the  curves,  deformation 
energy  (E)  is  plotted  as  a function  of  crack  length  (a)  for  fixed 
valves  of  displacement  (5).  The  slope  of  the  curves  (dE/Bda  ) for 
given  crack  lengths,  plotted  as  a function  of  displacement,  is 
equal  to  J.  The  critical  J at  fracture  (Jlc)  is  found  from  valves 
of  a and  6 at  the  onset  of  crack  instability.  Methods  were  inter- 
developed  for  measuring  J from  single  specimen  tests  ’ . The 
method  developed  Rice  for  deeply  notched  bend  specimens  offers 
the  simplest  single  specimen  technique  for  measuring  J.  A bend 
bar  or  compact  tension  specimen  (a/W  ^0.6)  is  loaded  to  a fixed 
displacement  and  J is  determined  as  a function  of  displacement 
from  the  expression,  J - 2A/Bb,  where  A is  the  area  under  the 
load-load  point  displacement  taken  at  the  d' .placement  of  inter- 
est, B is  the  thickness,  and  b is  the  uncracked  ligament  length. 
The  critical  J at  fracture  (J]c)  is  taken  at  the  valve  of  5 where 
crack  extension  is  first  encountered. 


*R.  J.  Bucci,  et  al.:  "J  Integral  Estimation  Procedures:  rac- 

ture  Toughness.”  Proceedings  of  the  1971  llat'onal  Sjnpos  ' i on 
Fracture  Mechanics , Part  II,  ASTM  STP  514,  p 40-69,  1972. 


+J.  R.  Rice,  P.  C.  Paris,  and  J.  G.  Merkle:  "Some  Further  Re- 
sults on  J Integral  and  Estimates:  Progress  in  Flaw  Growth  and 
Fracture  Toughness  Testing."  ASTM  STP  536,  1973. 


IV‘5158< 


Initial  tests  on  a Ni-Cr-Mo-V  steel  in  the  plastic  range  by 


Landes  and  Begley  showed  that  may  be  essentially  independent 
of  crack  length  and  geometry,  hence  a material  constant.  In  the 
elastic  range  J is  identical  to  the  critical  strain  energy  re- 
lease rate  |GIc)  from  linear  elastic  fracture  mechanics,  where 
fracture  toughness  |Kjc|  is  related  to  by  KJc  = yE  G^. 

Tests  on  ASTM  A216C  steel  by  Landes  and  Begley*  indicate  that  it 
may  be  possible  to  characterize  elastic  fracture  toughness  |K  ) 
over  any  desired  temperature  range  using  relatively  small  elastic- 
plastic  tests  from  the  approximation,  Kjca=  -y/iTj^.  K^c  values 
computed  from  valid  J results  from  1-in. -thick  compact  tension 
specimens  compared  favorably  with  valid  KJc  results  from  speci- 
mens up  to  12-in.  thick. 

Defining  crack  initiation  and  determining  its  onset  is  the 
most  difficult  part  of  measuring  J . Early  work  by  Begley  and 
Landes  on  A533B  steel  and  a Ni-Cr-Mo-V  steel  showed  crack  initia- 
tion to  be  generally  coincident  with  the  maximum  load  point  from 
the  load  versus  load  point  displacement  curve.  One  problem  with 
using  this  criterion  for  a J^c  measurement  point  is  that  it  may 
not  be  generally  true  for  a wide  range  of  materials,  temperatures, 
and  geometries.  A less  ambiguous  approach*  is  to  measure  the 

P?l 

*J.  D.  Landes  and  J.  A.  Begley:  "Test  Results  from  J Integral 
Studies  - An  Attempt  to  Establish  a J Testing  Procedure." 

Scientific  Paper  73-1E7-FMPWR-P3.  Westinghouse  Research  Labora- 
tories, 1973. 


the  onset  of  crack  initiation  directly  from  the  fracture  surface 


(R  curve  technique) . A series  of  bend  specimens  with  identical 
crack  lengths  are  loaded  to  different  valves  of  displacement. 

Each  specimen  is  then  marked  by  heat  tinting,  dye  penetrant,  or 
fatigue,  whichever  is  appropriate.  Next  each  specimen  is  frac- 
tured and  the  crack  extension  (Aa)  measured.  J is  calculated 
for  each  of  these  specimens  at  the  point  of  unloading,  and  then 

plotted  as  a function  of  Aa.  J is  defined  as  that  point  where 

Ic 

crack  extension  (Aa)  is  characterized  only  by  "crack  opening 
stretch"  (COS)  and  not  by  actual  material  separation  associated 
with  crack  growth.  For  A216  steel  this  stretch  zone  (Aa^j  ap- 
peared to  have  a value  equal  to  Jy^2 °^ow  where  °f^ow  = 

As  a result  of  the  extensive  plasticity  encountered  in  test- 
ing the  304L  stainless  steel,  a J-integral  analysis  was  performed 
using  the  available  data. 

Surface  COD  data  were  empirically  adjusted  to  reflect  load 
line  displacements.  In  the  range  0.6  < of  W < 0.7,  the  ratio  of 
6/COD  is  approximately  0.7,  according  to  Bucci,  et  al.  The  re- 
sultant load  versus  load  point  displacement  curves  are  shown  in 
Figure  IV-1  thru  IV-5.  was  calculated  from  the  Expression 
2A 

J = — — 

Q Bb 
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Load  Point  Displacement,  S,  i' 


Figure  IV-4 

Load  versus  Load  Point  Displacement  Curves  for  2-in. -thick  304L  Stainless  Steel  at  20K 


[ 


where  is  the  total  energy  under  the  curve  up  to  the  maximum 
load  point,  lhis  implies  that  the  onset  of  crack  growth  is 
coincident  with  the  maximum  load  point.  Tentative  ASTM  guide- 
lines* indicate  that  this  is  accurate  if  the  applied  bending 
moment  at  maximum  load,  Mc  = ^Pc(wta)/2j,  is  greater  than 
0.3  Bb‘  Oy  (i.e.,  the  specimen  is  close  to  being  fully  plastic). 
Jq  is  a valid  valve  if  a,  B,  and  b are  approximately  greater 
than  (25-50)  JQ/°fW  where  ofl(jw  = |Oy  + oj/2.  JQ  results 
are  given  in  Tables  IV-4  thru  IV-6.  Note  that  the  criteria  for 
valid  Jjc  are  generally  satisfied.  Average  values  calculated 
from  the  expression 

Ko  -VmT 


are  approximately: 


Temperature,  K Thickness,  in. 


Kq,  kti/in. 


* Tentative  Guidelines  for  J^.  Tests."  Prepared  by  ASTM  Task 
Group  F24.01.09,  1974. 


CYCLIC  CRACK  GROWTH  RATE  DATA 


B. 


Crack  growth  rate  data  tests  were  performed  on  2-in. -thick 
CT  specimens  of  each  alloy  at  both  77  and  4K. 

Data,  consisting  of  both  visually  observed  growth  bands  (ob- 
served on  fractured  faces)  and  crack  opening  displacement  meas- 
urements, were  analyzed  to  provide  crack  growth  rate  (da/dN) 
versus  stress  intensity  range  (AK)  data.  A minimum  of  four 
specimens  was  used  to  obtain  each  curve. 

The  value  of  AK  is  defined  as  K - K , . For  this  work, 

max  min 

K was  sufficiently  low  (200-400  lb)  that  it  was  treated  as 
min 

zero.  Therefore: 

AK  - K 

max 

Analysis  was  performed  using  a least  squares  fit  of  the  log 
of  the  familiar  fatigue  growth  rate  law  developed  by  Paris.* 

i = C(AK)° 

The  computer  analysis  uses  data  input  in  pounds  and  inches. 


*P.  C. 
Proc. , 
1964. 


Paris.  The  Fracture  Mechanics  Approach  to  Fatigue." 

10th  Sagamore  Conference , August  1963,  Syracuse  U.  Press, 
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Data  are  summarized  graphically  in  Figures  IV-6  thru  IV-11. 
A tabular  summary  of  the  data  is  given  below: 


Alloy 

77K 

4K 

C 

n 

C 

n 

304L 

2.37  x 10-24 

4.0 

1.08  x lO"26 

m 

A-286 

1.86  x 10“28 

4.8 

6.05  x 10-30 

m 

X-750 

2.87  x 10"28 

4.8 

2.18  x 10'3° 

9 

It  is  readily  apparent  from  the  data  that  the  crack  growth 
behavior  for  the  two  higher  strength  alloys  (A-286  and  X-750)  is 
virtually  identical.  The  tougher  304L  exhibited  higher  growth 
rates  than  the  higher  strength  alloys.  The  change  in  the  con- 
stants C and  n as  a function  of  temperature  were  remarkably  uni- 
form. The  304L  is  observed  to  be  slightly  more  sensitive  to  tem- 
perature change  than  the  A-286  and  X-750. 


Strcts  Intensity  R*ngt,  AK,  ksii-in. 


Figure  IV- 10 

Cyclic  Crack  Growth  Rate  Properties  of 
X-750  Alloy  at  77K 
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The  static  fracture  toughness  data  did  not  give  valid  prop- 
erties in  accordance  with  ASTM  1.399  - However,  for  some  of  the 
cases,  the  data  are  probably  sufficiently  close  to  the  validity 
criteria  to  permit  consideration  of  the  properties  as  typical 
values.  The  data  for  t 2-in. -thick  specimens  of  A-286  and 
X-750  at  all  temperatures  can  probably  be  considered  typical. 

The  1-in. -thick  specimen  of  these  alloys  give  results  indicative 
of  insufficient  thickness.  In  all  cases  the  304  data  exhibit  such 
gross  plasticity  “hat  linear  elastic  analysis  is  completely  out 
of  the  question. 

J-integral  analysis  for  the  304L  gives  values  that  apparently 
satisfy  the  validity  criteria  for  both  thickness.  However,  test- 
ing was  not  performed  specifically  to  obtain  J values.  That  is, 
the  point  of  crack  instability  was  not  determined,  but  merely 
assumed  to  be  at  maximum  load.  As  a result,  the  validity  of  the 
data  should  be  subject  to  question.  It  would  be  desirable  to 
perform  additional  testing  on  remaining  specimens  to  establish 
the  point  of  crack  instability. 

The  J-integ'al  data  show  a decrease  in  toughness  with  de- 
crease in  temperature.  The  linear  analysis  data  show  an  increase. 
J-analvsis  data  for  304  developed  by  NBS  exhibit  higher  J^-values 
and  an  increase  in  toughness  with  reduction  in  temperature.  Fig- 
ure V-l  compares  the  data  generated  with  the  NBS  data. 
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Figure  V-l  Comparison  of  J -Integral  Data  for  304  Stainless  Steel 
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Data  for  A-286  showed  a slight  increase  in  toughness  with  de- 
crease in  temperature  for  the  2-in. -thick  specimens.  Results 
from  the  1-in.  tests  and  the  MBS  tests  ^converted  from  J(  j for 
l^-in.  material  showed  little  temperature  dependence  of  tough- 
ness. Figure  V-2  compares  the  data. 

Data  for  alloy  X-750  exhibited  virtually  no  temperature  de- 
pendence of  toughness.  A comparison  with  previous  Westinghouse 
data  showed  that  the  results  from  J2-in.  and  1-in. -thick  specimens 
were  significantly  lower  than  the  results  obtained  in  this  work. 

A comparison  of  cyclic  crack  growth  rate  data  is  given  in 
Figure  V-3.  The  relationship  of  b^l  avior  to  performance  is  ex- 
tremely difficult  to  assess  from  the  type  cf  data  developed  in 
this  program.  A comparison  of  behavior  has  to  be  quite  arbitary. 
The  simplest  comparison  that  can  be  made  is  da/dN  at  selected 
stress  intensity  levels.  At  77K,  the  crack  growth  rates  for  the 
three  alloys  are  quite  similar.  However,  at  4K,  304L  exhibits 
significantly  higher  crack  growth  rates  than  X-750  and  A-286. 

The  data  generated  during  the  first  year's  work  suggest  the 
need  for  additiruil  testing.  It  is  suggested  that  an  evaluation 
of  the  effect  of  thickness  on  the  J-integral  values  for  304L  be 
performed.  Thicknesses  from  1 to  4-in.  should  be  evaluated  to 
determine  when  validity  is  achieved.  Testing  should  be  performed 
to  obtain  the  point  of  crack  instability.  The  behavior  of  welded 
A-286  and  X-750  should  also  be  evaluated  using  2-in. -thick  mate- 
rial. 
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Figure  V-3  Comparison  of  Cyclic  Crack  Growth  Rates 
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Abstract 


Results  of  six  months  of  study  on  Materials  Research  in  Support 
of  Superconducting  Machinery  (April  through  September,  1974)  are  reported 
to  the  sponsor,  the  Advanced  Research  Projects  Agency  of  the  U.S.  Department 
of  Defense.  The  report  is  divided  into  five  sections:  thermal  conductivity, 
mapnetothermaf  conductivity,  fatigue  and  fracture-toughness  properties,  pro- 
perties of  advanced  composites,  and  elastic  properties.  The  temperature 
range  4 to  300  K is  covered  by  the  study.  Materials  studied  are  either  being 
used  or  are  candidates  for  use  in  superconducting  machinery  and  include: 
aluminum  alloys,  composites,  inconels,  OFHC  copper,  stainless  steels,  and 
titanium  alloys. 

Special  results  of  the  study  include:  fracture-toughness  and  fatigue- 
crack  growth-rate  data  for  AIS1  310,  Ti-5  Al-2.5  Sn,  A286  stainless  steel,  and 
Inconel  750  at  4,  76,  and  300  K;  initial  reports  of  tensile  testing  of  composites 
at  4 K;  a second  review  paper  on  advanced-composite  low-temperature  behavior; 
magnetothermal  conductivity  measurements  on  OFHC  copper  and  Inconel  718  Indicate, 
that,  in  a magnetic  field,  the  thermal  conductivity  may  change  by  100  percent; 
anomalous  low- temperature  elastic  behavior  of  AISI  300  series  stainless-steel 
alloys;  and  thermal  conductivity  data  for  OFHC  copper,  Inconel  750,  and  Inco 
Low- Expansion-Alloy.  These  data  provide  considerable  insight  into  material 
characteristics  at  extremely  low  temperatures,  assisting  in  material  selection 
and  efficient  design. 
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Disclaimer 


Tradenames  of  equipment  and  materials  are  used  in  this  report  for 
clarity  and  to  conform  with  standard  usage  in  the  scientific  and  engineering 
literature.  Selection  of  materials  for  discussion  and  examination  with  re- 
gard to  application  in  superconducting  machinery  is  based  on  properties  re- 
ported in  the  literature,  and  must  be  regarded  as  preliminary  and  tentative. 
In  no  case  does  such  selection  imply  recommendation  or  endorsement  by  the 
National  Bureau  of  Standards,  nor  does  it  imply  that  the  material  or  equip- 
ment is  necessarily  the  best  available  for  the  purpose. 
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Summary:  Thermal  Conductivity 

Thermal  conductivity,  electrical  resistivity,  thermopower,  and 
Lorenz  ratio  data  have  been  obtained  for  OFHC  copper.  Inconel  X-750,  and 
INCO  LEA  (Low  Expansion  Alloy) . Values  of  these  properties  are  pre- 
sented in  graphical  and  tabular  form  and  equations  are  provided  for  con- 
venient computer  calculations  for  data  at  temperatures  from  4 to  300  K. 

The  thermal  conductivity  data  are  accurate  to  2%,  which  is  well  within 
material  variability  limits  expected  for  production  heats.  Prediction 
techniques  have  been  shown  to  yield  thermal  conductivity  values  within 
15  percent  of  experimental  values  for  pure  iretals,  such  as  OFHC  copper. 

In  addition,  thermal  conductivity  values  have  been  obtained,  using 
the  fixed-point  apparatus,  for  Kromarc-58  and  AISI-310  stainless  steels 
at  6,  79,  196,  and  277  K.  These  values,  accurate  to  10%,  are  presented  in 
graphical  and  tabular  form. 
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THERMAL  CONDUCTIVITY 
J.  G.  Hust  and  P.  J.  Giarratano 


1.  Introduction 

Optimum  design  of  superconducting  machinery  requires  a knowledge 
of  thermal  properties  of  technically  important  materials  at  low  tempera- 
tures. But,  often,  components  extend  from  ambient  temperatures  to  low 
temperatures,  and,  tnerefore,  data  are  needed  from  4 K to  300  K.  Thermal 
conductivity  of  metals  is  a function  of  the  host  metal  and  its  constituent 
eler.em.  j and  temperature;  but  it  also  depends  on  the  microstructure  of 
the  material,  strain,  fatigue,  and  heat  treatment;  and  in  some  cases  environ 
menral  effects  are  important  (e.g. , in  the  case  of  superconducting  machinery 
magnetic  field  intensities  may  produce  significant  changes).  Specific 
thermal  conductivity  data  for  particular  components  are  required  to  limit 
heat  losses  and  thermal  stresses  in  machines.  With  such  a myriad  of 
parameters  it  is  difficult  (at  best)  to  determine  accurately,  by  experi- 
ment, the  thermal  conductivity  of  each  machine  component.  Instead,  we 
often  rely  on  a limited  number  of  measurements  on  specific  types  of 
materials,  characterized  according  to  ^he  above  parameters.  Due  tc 
material  variability  effects  these  values  are  generally  considered 
accurate  to  only  about  10%. 

It  should  be  noted  that  accurate  thermal  conductivity  measurements 
are  much  more  expensive  and  time  consuming  relative  to  many  other  pro- 
perty measurements.  The  ease  with  which  high  accuracy  can  be  obtained 
is  primarily  a function  of  temperature  and  the  conductivity  itself.  The 
extremes  of  conductivity  (both  very  high,  such  as  in  pure  metals,  and 
very  low,  such  as  in  insulating  materials)  promote  inaccuracies  in 
measurement.  Generally,  low  temperature  data  (below  about  100  K)  are 
more  readily  obtained  with  accuracy  because  radiation  errors  can  be 
■!  i n i mi  zed . 

For  the  above  reasons,  various  neihods  of  obtaining  thermal  con- 
duct ivitv  data  are  used.  The  method  used  depends  primarily  on  i he 
accuracy  dictated  by  the  application.  Usually  accuracies  of  .'O'"  are 
sufficient;  in  other  cases  values  accurate  to  501'  suff  ice.  The  pre- 
,>  ill  state-of-the-art  in  thermal  conductivity  measurements  is  about 
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17-  accuracy,  but  seldom  is  this  required  except  in  theoretical  or  standardi- 
zation work. 

In  this  laboratory  three  methods  of  data  determination  are  used: 

(a)  A variable-temperature  apparatus,  capable  of  measuring  i t any 
temperature  from  4 to  300  K,  with  an  accuracy  of  about  2%.  This 
apparatus  also  simultaneously  measures  electrical  resistivity  and 
tnermopower  for  additional  specimen  characterization  and  subsequent 
predictions  of  similar  materials.  This  apparatus  will  be  used  to 
measure  materials  that  have  not  been  sufficiently  measured  and 
characterized  previously  and  for  accurate  temperature  dependence 
determinations. 

(b)  A fixed  point  apparatus,  capable  of  measuring  only  near  the  fixed 
temperatures  of  various  boiling  fluids  (such  as  liquid  helium  and 
liquid  nitrogen)  and  melting  or  subliming  solids  (such  as  ice  and 
C02).  The  accuracy  of  this  apparatus  is  about  10%,  depending 
mainly  on  the  conductivity  of  the  specimen. 

(c)  Predictive  methods  such  as  those  described  by  Must  and  Clark 

[1]  and  Hust  and  Sparks  [2].  The  latter  paper  also  contains  data 
for  many  metals  and  alloys,  necessary  to  carry  out  such  predic- 
tions . 

2.  Apparatus 

ihe  variable-temperature  apparatus  was  used  for  the  measurements 
reported  for  Inconel  X-750,  OHIC  copper,  and  INCO  LEA  (Low  Expansion 
Alloy).  This  is  a multi-property  apparatus  used  to  simultaneously  mea- 
sure thermal  conductivity,  electrical  resistivity,  and  thermopower  at  tem- 
peratures between  4 and  300  K.  This  apparatus  is  based  on  the  longitudinal 
heat  flow  method.  The  specimen  is  a rod  23  cm  long  vith  a diameter  up  to 
j cm  depending  on  its  conductivity.  The  top  of  the  specimen  is  thermally 
connected  to  a temperature-controlled  floating  sink  and  the  gradient  heater 
* n connected  at  the  bottom  of  the  specimen.  The  specimen  is  surrounded  with 
insulation  and  a temperature-controlled  concentric  shield.  The  longitudinal 
temperature  distribution  of  the  shield  is  adjusted  to  match  that  of  the  specimen. 
Eight  equally  spaced  thermocouples  are  attached  to  the  specimen  to 
determine  its  longitudinal  temperature  distribution.  These  thermo- 
couples are  calibrated  in-place  using  accurately  calibrated  platinum  and 
germanium  resistance  thermometers.  Further  details  of  this  apparatus 
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are  documented  in  an  unpublished  report  -available  from  Hust.  A sche- 
matic diagram  of  this  cryostat  is  shown  in  the  previous  semi-annual 
report  to  ARPA  [3]. 

The  fixed-point  apparatus  was  used  to  measure  Kromarc-58  and 
AIS1-310  stainless  steels.  This  longitudinal-heat-flow  apparatus  is 
designed  to  perform  measurements  of  10%  accuracy  with  greater  speed  and 
smaller  specimen  size  than  the  multiproperty  apparatus.  The  specimen  is 
a 5 cm  long  rod  with  a diameter  up  to  3 cm  depending  on  its  conductivity. 
Further  details  of  this  apparatus  are  available  in  an  unpublished  report 
from  Hust.  A schematic  diagram  of  this  cryostat  is  shown  in  the  previous 
semi-annual  report  to  ARPA  [3]. 

3.  Specimen  Characterization 

The  materials  investigated  have  been  selected  from  a long  list  of 
materials  that  have  applications  in  superconducting  machinery.  The 
materials  considered  here  are  OFHC  copper,  Inconel  X-750,  INCO  LEA  (Low 
Expansion  Alloy),  Kromarc-58  stainless  steel,  and  AISI-310  stainless  steel. 
OFHC  copper  was  chosen  as  the  first  specimen  to  be  measured,  not  only  be- 
cause of  its  importance  in  superconducting  machines,  but  also  because  a 
good  conductor  was  needed  to  perform  initial  checks  and  thermocouple  cali- 
brations of  the  apparatus. 

The  OFHC  copper  specimen  was  fabricated  from  production  copper  as 
follows:  A 6.4  mm  copper  rod  was  degreased  with  freon  and  etched  with 
a solution  of  50%  water  and  50%  nitric  acid.  Thn  rod  was  swaged  to 
3.26  mm  with  cleaning  between  each  swaging  step  and  vacuum  anneals 
whenever  flaking  became  evident.  The  final  anneal  before  measurement 
was  650°C  for  one  hour.  Prior  to  each  anneal  the  specimen  was  acid 
etched. 

The  Inconel  X-750,  INCO  LEA,  Kromarc-58  stainless  steel,  and  AISI-310 
stainless  steel  stock  material  was  obtained  from  West inghouse  Electric  Corp- 
oration, Research  and  Development  Center  and  is  the  same  material  being  tested 
by  them  in  this  program.  The  Inconel  X-750  was  in  the  solution  treated  (ST) 
condition  (1800°F  - one  hr  - air  cooled).  The  INCO  LEA  was  in  the  solution 
treated  aged  (STA)  condition  (1800°F  - one  hr  - air  cooled  - 1225°F  - 8 hrs  - 
air  cooled).  Both  of  these  materials  were  machined  to  cylindrical  rods  2 I cm 
long  and  11.3  nm  diameter  with  no  subsequent  heat  treatment. 
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The  Kromarc-58  stainless  steel  was  annealed  at  1800°F  for  one  hour, 
water  quenched,  and  then  cold  worked  30 7.  in  the  transverse  direction.  The 
AISI-310  stainless  steel  was  heated  to  2000°F  for  one  hour  and  water  quenched. 
Both  of  these  materials  were  machined  to  cylindrical  rods  5 cm  long  and  11.3 
mm  diameter  with  no  subsequent  heat  treatment. 

4.  Results 

Measurements  were  performed  on  specimens  of  OFHC  copper.  Inconel 
and  INCO  LEA  (Low  Expansion  Alloy)  over  the  temperature  range 
4 to  300  K.  Fifty-eight  runs  were  conducted  on  OFHC  copper,  29  on 
Inconel  X-750,  and  28  on  INCO  LEA.  OFHC  copper  was  studied  more  ex- 
tensively than  the  other  two  materials  to  establish  system  characteristics 
and  to  perform  an  extensive  thermocouple  calibration  data  set.  The  follow- 
ing equations  were  least-squares  fitted  to  these  data  using  orthonormal 
fitting  techniques: 


n 

BnA  - I 
i+1 


a1[«nT] 


i+1 


(1) 


P 


m i-1 

- 2 b [BnT]1  1 

i=l  1 


(2) 


S * I c [8nT'  ]i/r  ; T*  = y-  + 1 (3) 

i=l  1 10 

where  A = thermal  conductivity,  p = electrical  resistivity,  S ■=  thermo- 
power, and  T = temperature.  Temperatures  are  based  on  the  IPTS-68 
scale  above  20  K and  the  NBS  P2-20  (1965)  scale  below  20  K.  The  para- 
mete  s,  a^,  b^ , and  c^  determined  by  least  squares,  are  presented  in 
table  1.  Further  details  of  this  procedure  are  described  by  Hust,  et  al. 
f4].  The  deviations  of  the  experimental  data  from  these  equations 
are  given  in  figures  1 through  9.  The  horizontal  bars  in  figures  2,  3, 

5,  6,  8 and  9 indicate  the  temperature  span  across  the  specimen  for  each 
run.  The  "observed"  thermal  conductivities  are  computed  from  the  mean 
temperature  gradients  indicated  by  adjacent  thermocouples.  Calculated 
values  of  A,  p,  s,  and  L = pA/T  (Lorenz  ratio)  are  presented  in  tables 
2,  3,  and  4 and  figures  10  through  21. 
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A detailed  error  analysis  for  this  system  has  been  performed  and 
is  available  as  an  unpublished  report  from  Hust.  Based  on  this  analysis 
of  systematic  and  random  errors,  typical  uncertainty  estimate.-  (with 
95%  confidence)  are  as  follows: 

thermal  conductivity:  2%  from  4 to  20  K,  1%  from 

20  K to  200  K,  and  2%  from 
200  K to  300  K 

electrical  resistivity:  0.2% 

thermopower:  0.1  \iV/K  up  to  20  K 

and  0.01  HV/K  above  20  K 

The  actual  uncertainties  depend  on  the  conductance  of  the  specimen. 

For  Inconel  X-750  and  XN00  LEA  the  typical  values  are  applicable.  Since 
the  conductance  of  the  copper  specimen  was  significantly  larger,  especially 
at  liquid-helium  temperature,  the  uncertainty  for  copper  is  larger  at  low 
temperatures.  The  uncertainties  in  thermal  conductivity  and  electrical  re- 
sistivity near  4 K are  4%  and  1%,  respectively,  decreasing  to  the  typical 
values  above  20  K. 

The  thermopower  values  given  here  are  absolute  values  although 
our  measurements  were  carried  out  with  respect  to  normal  silver  wire. 

The  absolute  thermopowers  of  normal  silver  reported  by  Borelius,  et 
al.  [5]  were  used  to  convert  the  experimental  data  to  the  absolute  scale. 

Thermal  conductivity  measurements  were  performed  on  Kromarc-58  and 
AISI-310  stainless  steels  at  6,  79,  196,  and  277  K.  The  results  of  these 
measurements  are  listed  in  Table  5 and  illustrated  in  figure  22.  The  smooth 
curves  shown  in  figure  22  are  based  on  the  temperature  dependence  of  similar 
alloys.  The  measured  values  of  thermal  conductivity  have  been  compared  to 
the  fee  steel  data  tabulated  by  Childs  et  al.  [6]  and  are  in  good  agreement 
with  the  band  of  values  compiled. 

5.  Discussion 

OFHC  copper  is  a relatively  pure  comnercial  copper  and,  therefore, 
its  low- temperature  thermal  conductivity  and  electrical  resistivity  are 
highly  variable  from  specimen- to-specimen.  This  variability  is  due  to 
the  fact  that  the  low- temperature  conductivity  is  nearly  totally  deter- 
mined by  the  imperfections  (impurities  and  physical  defects)  in  the 
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metal.  Small  absolute  variations  in  impurities  represent  large  relative 
variations  in  pure  metals.  Fortunately,  it  is  relatively  simple  to 
characterize  the  degree  of  imperfections  in  a pure  metal  by  electrical 
resistivity  data,  which  is  much  easier  to  obtain  than  thermal  conducti- 
vity data.  Often  the  residual  resistivity  or  the  residual  resistivity 
ratio  is  used  to  indicate  the  effective  electrical  purity  of  the  specimen. 

For  all  but  the  most  pure  research  materials  the  resistivity  at  4 K 
is  the  residual  resistivity.  The  residual  resistivity  ratio  is  the 
ratio  of  resistivity  at  near  ambient  conditions  to  the  residual  resistivity. 
The  resistivity  at  ambient  temperature  is  a characteristic  of  the  host  metal 
and  the  residual  resistivity  is  characteristic  of  its  imperfections,  both 
chemical  and  physical.  We  normally  use  the  resistivity  at  the  ice-point  for 
defining  this  ratio,  RRR  = p^ ^ Other  OFHC  copper  specimens  that 

we  have  characterized  at  this  laboratory  have  RRR  values  ranging  from  about 
50  to  200.  The  particular  specimen  reported  on  here  has  an  RRR  of 
250,  somewhat  more  electrically  pure  than  normal.  This  may  be  due  to 
lower  chemical  impurity  level  or  to  impurity  oxidation  during  the  annealing 
process. 

As  indicated  in  the  previous  semi-annual  report  on  this  project  [3], 
thermal  conductivity  of  a pure  metal  can  be  predicted  reasonably  accurately 
from  a knowledge  of  the  Lorenz  ratio,  residual  resistivity,  and  Matthiessen's 
rule  [1,2].  Based  on  this  information  values  of  thermal  conductivity 
for  OFHC  copper  were  presented  in  the  last  report.  The  current  measurements 
show  that  those  predictions  were  accurate  to  10%  above  15  K.  At  10  K 
the  difference  between  measurement  and  prediction  is  15%.  This  exercise 
serves  to  illustrate  the  power  of  predictive  methods  for  pure  metals 
whose  low-temperature  conductivities  may  range  over  several  orders  of 
magnitude.  At  the  lowest  temperatures  where  this  method  was  least  accurate, 
"ilier  methods  can  be  applied  to  yield  more  accurate  predictions,  but 
(lies*1  are  not  discussed  here. 

The  thermal  conductivity  of  highly  alloyed  structural  metals  is  not 
readily  predicted.  This  is  primarily  because  in  such  alloys  the  thermal 
transport  is  by  quantized  lattice  vibrations  (phonons)  as  well  as  by 
the  electrons.  The  phonon  conductivity  is  often  much  larger  than  the 
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electronic  conduction  and,  thus,  the  electrical  resistivity  is  no  longer 
directly  linked  with  thermal  conductivity  through  the  Lorenz  ratio. 
Inconel  X-750  and  INCO  LEA  are  part  of  a class  of  materials  that  have 
very  high  phonon-to-electronic  conductivity  at  lower  temperatures  and 
therefore,  their  conductivities  cannot  be  predicted  from  the  Lorenz 
ratio.  Lorenz  ratios  above  the  classical  Sommerfeld  value  (2.443  x 
10~®V^/K^)  indicate  the  presence  of  significant  phonon  conduction. 

The  low- temperature  Lorenz  ratio  of  Inconel  X-750  indicates  a very  high 
relative  phonon  component  (about  ten  times  greater  than  the  electronic 
component)  while  for  INCO  LEA  the  phonon  component  is  about  twice  as 
large  as  the  electronic  component. 
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Table  1. 


Parameters  in  equations  1,  2,  and  3. 
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Thermal  and  Electrical  Properties  of  Inconel  X-750 
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Table  4. 


Thermal  and  Electrical  Properties  of  INCO  LEA 
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Table  5.  Thermal  conductivity  data  for  Kromarc-58  and 
AISI-310  stainless  steels 
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Material 
Kromarc  - 58 


AISI-310 


Temperature  (K) 


6 50 
79.  1 
196 
277 


6.46 

79.4 

196 

277 


35 
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X ( VV  / m K ) 


0.440 
5.  90 
9.  70 

11.  5 


0.  720 
7.  15 
10.  8 
12.  5 
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Summary:  Magneto thermal  Conductivity 

The  magnetothermal  conductivities  of  Inconel  718  and  oxygen-free 
copper  have  been  determined.  The  data  are  presented  as  thermal  conducti- 
vity as  a function  of  temperature,  X(T),  thermal  conductivity  as  a function 
of  magnetic  field,  X(H),  and  as  the  relative  change  in  thermal  resistivity  as 
a function  of  magnetic  field,  AW/Wq  (H) . When  possible  the  data  are  compared 
to  existing  data.  In  these  limited  instances,  agreement  is  within  the  accuracy 
of  our  measurements.  The  effect  of  a magnetic  field  is  always  to  reduce  the 
thermal  conductivity.  The  reduction,  at  8 Tesla,  for  Inconel  718  is  approxi- 
mately 15%  at  5.5  K and  50%  at  19.5  K;  for  copper  (RRR  - 107),  the  reduction 
is  about  100%  at  5.5  K and  60%  at  19.5  K.  The  magnetic-field  effect  increases 
with  increasing  temperature  for  Inconel  and  decreases  with  increasing  tempera- 
ture for  copper.  The  temperature  dependence  of  AW/Wq  exhibited  by  Inconel 
is  associated  with  the  negative  temperature  derivative  of  the  zero  field  re- 
sistivity, dpQ/dT,  shown  by  Inconel  718  below  20  K. 
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MAGNETOTHERMAL  CONDUCTIVITY 
L.  L.  Sparks  and  F.  R.  Flckett 

1.  Introduction 

The  objective  is  to  determine  the  effect  of  magnetic  fields  on  the 
thermal  conductivity  of  technically  important  metals.  The  need  for  this 
information  arises  from  the  development  of  rotating  machinery  operating 
at  cryogenic  temperatures.  The  existing  world's  literature  on  magnetothermal 
conductivity,  A(H),  is  concerned  almost  exclusively  with  scientific  materials, 
e.g.,  very  pure  materials  and  single  crystals.  A complete  bibliography  of 
the  subject  was  given  by  Sparks,  et  al.  [1]  in  the  previous  report. 

The  materials  studied  in  this  program  are  being  used  in  superconducting 
motors  and  generators.  Optimum  design  of  these  machines,  which  must  operate 
at  temperatures  between  4 K and  20  K while  in  magnetic  fields  up  to  10  Tesla, 
requires  a detailed  knowledge  of  how  the  thermal  properties  of  the  constituent 
materials  are  affected  by  a magnetic  field.  The  broad  material  categories  of 
Interest  include  superconductor  stabilizing  materials  such  as  copper  and 
aluminum,  and  structural  materials  such  as  Inconels,  stainless  steels,  and 
metallic  composites. 

The  experimental  determination  of  A(H)  of  metals  in  high  fields  is  com- 
plicated by  the  requirement  that  the  specimen  be  contained  in  a region  of 
homogeneous  field.  For  magnets  of  reasonable  size,  this  restriction  necessitates 
small  specimen  lengths  and  resultant  small  temperature  gradients  along  the 
specimens.  Our  A(H)  probe  is  designed  to  be  used  in  a superconducting  solenoid 
with  a 3.8  cm  bore  and  a 2.5  cm  homogeneous  (155)  field  sphere.  Our  specimen 
length  is  therefore  limited  to  approximately  2.5  cm. 

2.  Procedures 

2.1  Apparatus 

A brief  review  of  the  cryostat,  instrumentation,  and  experimental  pro- 
cedures is  given  below.  For  further  details  refer  to  [11. 

Figure  1 shows  the  principal  components  of  the  probe  with  a specimen 
mounted  in  the  longitudinal  position  (magnetic  field  parallel  to  the  heat 
flow).  A shorter  specimen  may  be  mounted  horizontally  so  that  the  heat  flow 
is  perpendicular  to  the  magnetic  field  for  transverse  measurements. 
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The  cooling  required  to  attain  specimen  temperatures  in  the  range 
between  4 and  20  K is  provided  by  immersing  the  probe  chamber  in  liquid 
helium.  Radiative  heat  transfer  is  minimal  in  this  temperature  range,  and 
gas  conduction  is  eliminated  by  evacuating  the  specimen  chamber  to  5 x 10  ^ 
torr.  Our  operating  pressure  is  reduced  to  less  than  this  by  a gas  adsorp- 
tion agent  in  the  sealed  probe  space. 

The  basic  operation  of  the  system  involves  balancing  electrical  power 
supplied  to  three  heaters  with  the  heat  leak  to  the  liquid  helium  bath  via 
the  THERMAL  LINKS  (capitalized  parts  refer  to  figure  1).  The  electrical 
heaters  are  wound  one  each  on  the  TEMPERATURE  CONTROLLED  HEAT  SINK  (TCHS), 
the  SPECIMEN,  and  the  TEMPERING  POST.  The  power  supplied  to  the  TCHS 
determines  the  approximate  temperature  of  the  specimen;  the  SPECIMEN  HEATER 
is  used  to  establish  a temperature  gradient  along  the  specimen;  and,  the 
TEMPERING  POST  HEATER  is  used  to  eliminate  any  temperature  difference  between 
the  specimen  and  the  tempering  post.  The  TEMPERING  POST  and  TCHS  heaters  are 
automatically  controlled  during  all  tests  while  a constant  current  is  supplied 
to  the  SPECIMEN  HEATER. 

The  thermometers  used  in  the  probe  are  three  1/8  watt,  100  ohm  Allen 
Bradley  carbon  resistors  (CRT's)  and  a single  calibrated  germanium  resistor 
(CRT).  The  CRT's  are  located,  one  each,  in  the  TCHS,  and  the  two  THERMOMETER 
BLOCKS,  which  are  clamped  to  the  specimen.  The  GRE  is  located  in  the  TCHS 
and  is  used  for  zero-magnetic-field  calibration  of  the  GRT  resistors.  The 
effect  of  the  magnetic  field  on  the  resistance  of  the  CRT's  is  taken  to  be 
that  published  by  Neuringer  and  Shapira  [ 2 ] . All  resistance  measurements 
on  the  two  specimen  CRT's  are  made  using  a lock-in  amplifier  as  both  detector 
and  power  supply  for  an  AC  bridge.  Both  absolute  and  difference  resistance 
measurements  are  possible  using  this  system. 

2 . 2 Methods 

Determination  of  A(H)  and  the  electrical  magnetoresistivity,  p(H), 
requires  two  types  of  tests,  which  are  referred  to  as  isothermal  tests  and 
gradient  tests.  For  an  isothermal  test  the  CRT  resistances  are  read  with 
the  specimen  heater  off.  A series  of  these  measurements  at  different  tem- 
peratures determines  the  resistance-versus-temperature  characteristics  for 
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each  CRT  at  zero  field.  Data  from  Neuringer  and  Shapira  [2],  on  values 

°f  <*H  ~ Ro)/Ro  then  aiiows  the  CRT'S  to  be  calibrated  for  H + 0.  Gradient 
tests  are  made  with  the  SPECIMEN  HEATER  on.  This  power  establishes  a 
thermal  gradient  along  the  specimen.  Measurement  of  the  heater  power  and 
the  resulting  CRT  resistances  allows  the  specimen  thermal  conductivity  to 
be  determined.  Electrical  resistance  is  determined  by  passing  a current 
through  the  specimen  and  measuring  the  resultant  voltage  drop.  The  resistivity 
is  calculated  at  the  average  temperature  of  the  specimen. 


2.3  Materials 


Two  materials  have  been  tested  — Inconel  718  and  oxygen-free  copper. 

The  Inconel  specimen  was  in  the  age-hardened  condition.  The  Rockwell  hardness 
was  C39  (not  B39  as  reported  in  f 1 ] ) . The  copper  specimen  was  cold  swaged 


from  0.476  cm  diameter  rod  to  0.25  cm  diameter  rod.  The  rod  was  etched  and 


annealed  several  times  during  the  swaging  process.  The  final  anneal  was  at 

u cn'r  c i j . „-6  . _ _ 


850°C  for  one  hour  in  a vacuum  of  10~°  torr.  The  resistivity  of  the  resulting 
specimen  at  5 K is  0.146  nOn  (RRR  = 107). 


3.  Results 


The  first  material  to  be  tested  in  the  magneto thermal  conductivity 
system  was  Inconel  718.  A specimen  from  the  same  heat  was  tested  by  Hust, 
et  al.  [3];  zero  field  values  of  A and  p were  determined.  Their  experiment, 
done  m the  NBS  precision  thermal-conductivity  apparatus,  has  an  estimated 
error  of  not  more  than  2%.  Their  results  for  A(T)  are  labeled  HUST  on  figure 
2.  The  figure  also  shows  our  data  on  thermal  conductivity  as  a function  of 
temperature  at  several  magnetic  fields.  Comparison  of  electrical  resistivities 
between  the  two  specimens  at  zero  field  indicates  a difference  of  about  0.5%. 

Figures  3 and  4 present  thermal  conductivity  and  relative  change  in  thermal 

resistance,  AW/W^,  as  functions  of  magnetic  field  with  temperature  as  a parameter. 

1 he  ordinate  in  figure  4 is  equivalent  to  (A  - A )/A  using  the  general  rela- 

o H H 

tionship  W(tliermal  resistivity)  = 1/A.  Figure  5 gives  thermal  conductivity  as 
a function  of  temperature  with  magnetic  field  as  a parameter  for  our  copper 
specimen.  Figures  6 and  7 present  thermal  conductivity  and  relative  change 
in  thermal  resistance  as  functions  of  magnetic  field  with  temperature  as  a 


parameter. 
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At  present  the  best  estimate  of  the  system  errors  indicates  probable 
uncertainty  of  10  - 15%  in  the  thermal  conductivity.  Comparison  of  our 
zero-field  data  to  that  of  Hust,  et  al . [3]  for  Inconel  718  indicates 
AAM(average)  = 8.6%  at  7 K,  5.7%  at  12  K.  and  4.6%  at  15  K.  These  figures 
include  possible  real  differences  between  the  two  specimens.  One  possible 
source  of  error  that  will  be  eliminated  in  the  future  is  the  value  of  the 
magnetic  field  in  our  solenoid.  At  the  present  time  the  magnetic-field  — 
magnet  current  relationship  is  uncertain  by  approximately  2 - 6%.  We  re- 
cently acquired  a precision  rotating-coil  gaussmeter  that  will  allow  cali- 
bration of  the  current-field  relationship  to  approximately  0.1%.  If,  in 
fact,  our  present  field  calibration  is  significantly  changed,  both  the 
Inconel  718  and  the  copper  data  will  be  appropriately  adjusted. 

4.  Discussion 

Thermal  conductivity  is  a complex  phenomenon  because  many  separate 
mechanisms  are  operating  simultaneously  to  transmit  energy  through  the 
material.  Thermal  conductivity  is  defined  by  the  heat  transfer  equation 


kA 


dT 

dx 


(1) 


where  Q is  the  heat  current  in  watts  (W) , A is  the  cross  sectional  area  in 

2 

m , T is  in  Kelvin  (K) , and  thus  k has  the  units  of  W/mK. 

Powell  [4]  gave  an  overview  of  transport  properties  in  metals  and  a use- 
ful list  of  references.  Briefly,  the  thermal  energy  in  most  materials  is  trans 
ported  both  by  the  lattice  vibrations  (phonons)  and  by  the  conduction  electrons 

It  is  conventional  to  designate  the  lattice  component  A , and  the  electronic 

8 

component  k^.  These  conductivities  make  up  the  total  thermal  conductivity, 


k — k + k . 
e g 


(2) 


Thermal  resistance  to  each  of  these  modes  of  heat  flow  ariseT  from  several 
interactions.  For  electrons  the  principal  interactions  retarding  heat  flow 
are  electron-phonon,  electron-impurity,  and  electron-defect;  for  phonons, 
the  interactiois  arc  phonon-electron,  phonon — point-defect,  and  phonon-disloca- 
tion. The  lattice  contribution,  k , at  low  temperatures  is  generally  less 
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chan  20%  of  Che  Cocal  thermal  conducClviCy  In  pure  meCals  buc  may  pre- 
domlnaCe  for  some  alloys  [5]. 

One  of  Che  classical  methods  used  Co  separace  and  X^  is  Co  apply  s 
magnetic  field.  This  has  Che  effect  of  decreasing  Xg  while  presumably  noc 
affecting  X^  [6].  One  would  expect  Chat  X (total)  of  a pure  metal  would  be 
affected  more  Chan  X (total)  for  an  alloy.  This  is  borne  out  by  our  data  as 
discussed  below,  and  by  the  results  of  Fevrier  and  Morize  [7];  this  work  will 
be  discussed  in  more  detail  below. 

The  effect  of  an  80  kOe  magnetic  field  is  to  decrease  X(H)  for  Inconel 
718  by  14%  and  for  copper  by  104%  at  5.5  K.  At  19.5  K the  reduction  is  49% 
for  Inconel  and  58%  for  copper.  The  temperature  dependence  of  AW/W^  for 
Inconel,  figure  4,  is  opposite  that  for  copper,  figure  7.  The  slope  of 
AW/Wq(T)  is  positive  for  Inconel  and  negative  for  copper.  This  "anomaly" 
appears  to  be  a natural  consequence  of  the  thermal  equivalent  of  Kohler's 
rule  rather  than  a manifestation  of  the  ferromagnetism  seen  in  Inconel  at 
these  temperatures.  Kohler's  rule  is  the  classical  equation  of  electrical 
magnetoresistance  and  can  be  written 


(?H  * P0> 


- 


''o'* 


(3) 


i.e.,  the  temperature  dependence  of  Ap/p  arises  only  through  Po<  The  ferro- 
magnetic behavior  of  Inconel  718  below  77  K is  a factor  in  the  temperature 
dependence  of  AW/W^,  but  only  to  the  extent  that  it  affects  W^. 

Figure  8c  Indicates  the  different  temperature  dependences  discussed 
above.  Non-magnetic  metals  with  no  magnetic  impurities  show  a low  temperature- 
resistivity  versus  temperature  curve  like  that  shown  for  copper  in  figure  8a; 
magnetic  materials,  on  the  other  hand,  frequently  show  a negative  dpQ/dT  below 
some  crivical  temperature,  as  is  the  case  with  Inconel  [3]  (figure  8a).  Since 
/Sp  (s  p - p ) is  not  a strong  function  of  temperature,  4p/p  (T)  increases 

when  p becomes  smaller  (Inconel),  and  decreases  when  p becomes  larger  (copper) 
o o 

as  shown  in  figure  8b.  There  is  no  reason  to  expect  vast  differences  between 
the  electrical  and  thermal  resistivities,  although  they  are  not  identical 
functions  of  temperature.  The  thermal  data  illustrated  in  figure  8c  seems 

quite  reasonable  for  both  metals. 
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The  relationship  between  the  electronic  contribution  to  the  thermal 
conductivity  and  the  electrical  conductivity  is  expressed  by  the  Wiedemann- 
Franz-Lorenz  law 


T 


(4) 


Procedures  for  predicting  X at  H - 0 from  L and  p data  are  reasonably 
successful  and  are  discussed  by  Hust,  et  al.  f5].  It  is  hoped  that  progress 
can  be  made  in  predictive  schemes  based  on  the  electrical  and  thermal  con- 
ductivities in  non-zero  fields,  i.e., 


L(H) 


P(H)X(H> 

T 


(5) 


Magnetothermal  data  on  many  alloy  groups  will  be  necessary  before  any  such 
schemes  can  be  evaluated.  For  the  present,  let  it  suffice  to  observe,  in 
figure  9,  that  the  effect  of  increasing  H i3  to  reduce  L. 

In  the  case  of  copper,  meaningful  comparison  to  other  data  is  difficult 
even  at  zero  magnetic  field.  The  electrical  and  thermal  conductivity  of  pure 
copper  is  very  sensitive  to  strain,  thermal  history,  and  trace  impurities. 
Fickett  [8]  discussed  the  large  effect  annealing  in  a partial  pressure  of 
oxygen  has  on  the  RRR  of  copper.  Fevrier  and  Morize  [7]  have  reported  rela- 
tive magnetothermal  conductivity  data  for  two  copper  specimens,  RRR  = 62  and 
RRR  - 162.  Figure  10  shows  the  ratio  of  X(H)/X(0)  as  a function  of  magnetic 
field  for  their  two  specimens  and  our  specimen  (RRR  = 107).  The  temperature 
of  the  Fevrier  and  Morize  data  is  not  given  in  reference  [7]  but  is  assumed 
to  be  4 K;  the  temperature  of  our  meesurement  is  5.5  K.  The  general  behavior 
of  two  sets  of  data  are  similar.  Resistivity,  and  therefore  Lorenz-ratio 
data,  are  not  available  for  our  copper  specimen  due  to  the  low-level  voltages 
involved. 
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Figure  L.  Ma^netothe rmal  conductivity  probe  and  magnet. 
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Figure  }.  Thermal  conductivity  of  Inconel  718  as  a function  of  magnetic 
field  at  several  temperatures. 
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Thermal  conductivity  of  copper  aB  a function  of  magnetic 
at  several  temperatures. 


I nconel 


i^ure  8.  Characteristic  curves  of  pQ  (zero  field  electrical  resistivity), 

Ap/p0  (relative  electrical  resistivity  change  in  a magnetic  field), 
and  AW/W0  (relative  thermal  resistivity  change  in  a magnetic 
field)  for  Inconel  and  copper  below  20  K. 


Figure  10.  Comparison  of  the  present  magnetothermal  conductivity  data  to 
that  of  Fevrier  and  Morize. 
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Summary:  Fatigue  and  Fracture  Toughness  Testing  at  Cryogenic  Temperatures 


Fatigue  crack  growth  rate  (da/dN),  fracture  toughness  (K  , K (Jl)  and 

tensile  properties  have  been  determined  at  298,  76,  and  4 K for  the  iollowing 

structural  alloys:  T1-5A1-2. 5Sn ; T1-6A1-4V;  AISI  304,  310,  316;  Inconel  750, 

and  A-286.  The  titanium  alloys  Ti-5Al-2.5Sn  and  T1-6A1-4V  exhibited  similar 

properties:  the  fatigue  crack  growth  rates  were  temperature  independent  over 

the  interval  298  - 4 K.  Their  fracture  toughness  at  4 K are  equal  to  within 

1/2 

3-4  ksi  • in  . The  stable  austenitic  alloys  AISI  310,  A-286,  and  Inconel 

750  exhibit  lower  crack  growth  rates  at  76  K and  4 K than  at  298  K.  The 

fracture  toughness  of  solution  treated  and  aged  A-286  alloy  decreases  by 
only  'v  10%  as  temperature  decreases  from  298  - 4 K;  the  fracture  toughness 
at  4 K is  109  ksi  • in  . The  fracture  toughness  of  solution  treated  and 
double  aged  Inconel  750  appears  to  decrease  by  about  10%  over  the  temperature 
interval  298  - 76  K.  The  fracture  toughness  at  76  K is  'v  173  ksi  • in^^. 

AIST  310  stainless  steel  has  superior  resistance  to  fatigue  crack  growth  at 
4 K,  compared  with  types  304  ard  316  stainless  steels.  Conversely,  AISI  104 
and  316  stainless  steels  exhibit  higher  fracture  toughness.  These  differences 
appear  to  be  related  to  the  relative  stability  of  the  austenitic  structure. 
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FATIGUE  AND  FRACTURE  TOUGHNESS  TESTING  AT  CRYOGENIC  TEMPERATURES 
R.  L.  Tobler,  R.  P.  Mikesell,  R.  L.  Durcholz  and  R.  P.  Reed 


1.  Introduction 

Recent  interest  in  superconducting  machinery  has  prompted  research  on 
both  the  physical  and  mechanical  properties  of  materials  at  4 K.  Since  most 
structural  components  of  superconducting  machinery  are  cooled  with  liquid 
helium  to  4 K,  there  is  a need  for  mechanical  property  data  in  this  environ- 
ment . 

Conventional  tensile  and  impact  tests  do  not  provide  design  data  for 
predicting  the  load  carrying  capability  of  structures  containing  fatigue  cracks 
or  other  common  flaws.  The  safe  operating  lifetime  of  a structure  and  the 
possibility  of  brittle  failure  can  be  predicted  only  by  fracture  mechanics 
analysis.  The  essential  design  parameters  are  the  fracture  toughness 
(K  or  J ) of  a material  and  the  fatigue  crack  growth  rate  (da/dN). 

1 b L 

Some  highly  stressed  components  of  sup  conducting  motors  and  generators 
are  expected  to  sustain  billions  of  fatigue  cycles  in  their  lifetime.  Proto- 
type machinery  were  constructed  using  some  very  tough  austenitic  alloys  (300- 
series  stainless  steels,  Inconel  750)  and  elaborate  fabrication  techniques 
employed  to  lower  the  probability  of  failures.  Fracture  mechanics  data  at 
4 K,  previously  non-existent,  are  needed  to  enable  judicious  selection  of 
structural  materials  and  accurate  lifetime  predictions  for  critical  machinery 
components. 

This  report  presents  fatigue  crack  growth  rate  and  fracture  toughness 
data  at  298,  76  and  4 K for  the  alloys  Ti- 5A1-2. 5Sn,  A-286,  Inconel  750, 
and  AISI  310  stainless  steel.  These  data  are  compared  to  the  results  obtained 
in  thr  first  six  months  on  AISI  304,  AISI  316,  and  T1-6A1-4V. 

1 . 1 Linear  Elastic  Fracture  Mechanics 

When  a negligible  amount  of  plastic  deformation  occurs  prior  to  fracture, 
the  ASTM  Standard  Method  of  Test  for  Plane  Strain  Fracture  Toughness  of  Metallic 
Materials  (ASTM  E- 399-74)  [1]  can  be  applied.  This  method  is  based  on  the  theory 
of  linear  elastic  fracture  mechanics  as  discussed  in  rei  ances  [2-4].  The 
approach  utilizes  the  stress  intensity  factor,  K,  to  describe  fracture  behavior. 
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For  test  specimens  of  standard  geometry,  K is  calculated  from  the  relation: 


K 


(1) 


where  P is  applied  load,  B is  spt cimen  thickness,  W is  specimen  width,  a is 
crack  length,  and  f(a/W)  is  a factor  dependent  on  relative  crack  length. 

A normally  ductile  material  may  fail  in  a relatively  brittle  manner  in 
the  presence  of  a fatigue  crack  and  under  conditions  of  plane  strain.  Linear 
elastic  plane  strain  conditions  prevail  for  thick  specimens  where  the  plastic 
zone  at  the  crack  tip  is  csiistrained  by  the  surrounding  bulk  of  elastically 
loaded  material.  Under  these  conditions,  materials  loaded  in  tension  exhibit 
a critical  stress  intensity,  K^,  at  which  failure  occurs  catastrophically 
without  significant  plastic  deformation. 

The  parameter  KIC  is  a material  property  and  a useful  design  criterion. 
Provided  that  specimen  size  requirements  are  met,  may  be  calculated  from 
eq  (1)  using  the  load  determined  from  the  fracture  test  record  according  to 
the  ASTM  E- 399-74  method.  The  size  criterion  for  assuring  linear  elastic 
behavior  and  valid  KIC  data  is  that: 


B > 2.5 


(2) 


where  is  the  0.2%  offset  yield  stress  of  the  material.  Subsized  specimens 
result  in  invalid  fracture  toughness  measurements;  these  data  are  referred  to 
as  Kq. 

1.2  J-Integral  Analysis 

Specimens  that  do  not  satisfy  eq  (2)  exhibit  nonlinear  elastic  fracture 
behavior.  Plastic  deformation  at  the  crack  tip  becomes  appreciable  for  thin 
specimens  and  the  concept  of  stress  intensity  loses  its  significance.  In  such 
a case,  the  J-integral  fracture  criterion  may  be  applied. 

The  J-integral  approach  is  based  on  the  premise  that  fracture  behavior 
is  governed  locally  by  crack  tip  conditions,  even  if  plastic  deformation  precedes 
fracture.  J is  an  energy  term  derived  from  the  area  under  the  load  versus  de- 
flection curve  of  a precracked  specimen  loaded  in  tension  or  bending.  The 


critical  value,  JI(,,  is  the  value  of  J just  prior  to  crack  extension — the 
value  required  to  initiate  fracture. 

The  theory  of  the  J-integral  was  originated  by  Rice  f5].  Subsequent 
experiments  [6-10]  verified  that  JjC  is  a useful  fracture  criterion  that  may 
be  applied  in  cases  where  the  specimen  exhibits  linear  elastic,  elastic- 
plastic,  or  fully  plastic  load -def lection  behavior. 

Although  the  J-integral  criterion  has  been  successfully  applied  to  cases 
of  large-scale  plasticity,  a size  criterion  is  necessary  to  insure  that  J-integral 
test  results  will  be  independent  of  specimen  geometry  and  dimensions.  A tenta- 
tive size  criterion  for  the  J-integral  test  is  that  [10]: 


B.b.a,  > 50  (J/ofl(jw)  (3) 

where  b is  the  ligament  of  uncracked  specimen  and  a is  the  average  of  the 
0.2%  offset  yield  stress  and  the  ultimate  flow  stress.  A ve’-y  practical  con- 
sideration is  that  B is  typically  an  order  of  magnitude  smaller  than  the  value 
required  for  linear  elastic  tests  as  calculated  from  eq  (2). 

JIC  values  can  be  converted  to  KJC  values  using  the  relation  [6,  7,  10]: 


where  E is  Young's  modulus  and  v is  Poisson's  ratio.  Thus  it  is  possible  to 
derive  values  from  J-integral  tests  on  smaller  specimens  than  would  normally 
be  required  for  linear  elastic  tests.  In  this  paper,  the  symbol  Kj^(J)  is 
used  to  distinguish  values  obtained  using  eq  (4)  from  KJC  data  determined  accord- 
ing to  A STM  E- 399- 74. 

2.  Experimental 

2.1  Materials 

The  materials  tested  in  this  study  were  the  alloys  T1-5A1-2. 5Sn , A-286, 
Tnconel  750,  and  AISI  310  stainless  steel.  These  materials  were  obtained  In 
(he  various  forms  listed  in  table  1.  The  Ti-5Al-2.5Sn  and  AISI  310  alloys 
were  tested  in  the  as- received  condition.  Specimens  of  alloys  A-286  and 

Inconel  750  were  machined  from  stock  and  subsequently  heat  treated  prior  to 
test ing . 
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A-286  was  solution  treated  (1172  K (1650  F) , 2 hrs,  oil  quench)  and 
aged  (1005  K (1350  F),  16  hrs,  air  cool).  Inconel  750  was  solution  treated 
(1255  K (1800  F),  1 hr,  air  cool,  and  double  aged  (1144  K (1600  F) , 24  hr, 
air  cool,  followed  by  977  K (1300  F) , 20  hr,  air  cool). 

The  chemical  analyses  of  all  materials  are  given  in  table  2.  Note  that 
the  Ti-SAl-2. 5Sn  alloy  contained  normal  levels  of  the  interstitial  elements 
C,  N,  0,  and  H;  it  was  not  an  extra-low-interstitial  grade. 


2.2  Methods 


2.2.1  Tensile  Tests 


Smooth-bar  uniaxial  tensile  tests  were  conducted  to  determine  the  0.2% 


offset  yield  stress  and  ultimate  tensile  strength  for  each  material.  The 
tests  were  conducted  according  to  the  ASTM  Standard  Methods  of  Tension  Testing 
of  Metallic  Materials  (ASTM  designation  E8-69)  [11]. 

Testing  was  performed  with  a 10,000  lb  (44.5  kN)  capacity  machine  that 
was  equipped  with  a titanium-stainless  steel  cryostat.  The  cryostat  was 


described  by  Reed  [12].  The  tests  were  performed  using  a crosshead  rate  of 


3.3  x 10  in-sec  ^ (8.4  x 10  ^ mot-sec  ^) . 


Testing  in  liquid  nitrogen  (76  K)  was  accomplished  by  immersing  the 
specimen  and  cryostat  in  a single  metal  dewar  containing  the  cryogen.  Test- 
ing  in  liquid  helium  (4  K)  was  accomplished  with  a double  glass  dewar  arrange- 
ment; the  outer  dewar  contained  liquid  nitrogen. 

Tensile  specimens  had  the  geometry  illustrated  in  figure  1.  All  materials 
were  tested  in  the  transverse  orientation;  the  tensile  axis  was  perpendicular 
to  the  rolling  direction  or  principal  forging  axis.  Thus,  the  fracture  plane 
orientation  of  tensile  specimens  was  equivalent  to  that  of  fracture  toughness 
specimens. 

Load  was  monitored  with  a 10,000  lb  (44.5  kN)  commercial  load  cell. 
Specimen  extension  was  measured  wilh  a commercial  clip-on  extensometer  that 


was  calibrated  with  a dial  micrometer  at  each  temperature.  The  sensitivity 
of  the  extensometer  at  4 K corresponded  to  a strain  increment  of  3.65  x 10-^ 


per  millimeter  of  chart  paper. 


2.2.2  Low  Temperature  Fatigue 


Fatigue  tests  were  conducted  with  a 22,500  lb  (100  kN)  capacity  servo- 
hydraulic  mechanical  testing  machine.  This  was  a cryogenic  model;  the  fatigue 
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actuator  was  positioned  above  the  specimen  level  to  accommodate  the  cryostat 
and  to  permit  access  from  below  for  assembling  dewars.  The  testing  machine 
and  associated  equipment  are  shown  in  figure  2. 

Tests  were  conducted  using  a 22,500  (100  kN)  capacity  cryostat.  The 
cryostat  and  dewar  arrangement  for  tests  in  liquid  helium  are  illustrated 
in  figure  3.  A more  detailed  description  of  the  design  of  this  cryostat  and 
associated  apparatus  was  given  previously  f 1 3 ] . 

Compact  tensile  specimens  having  the  geometries  shown  in  figures  4 and  5 
were  employed  in  all  fatigue  and  fracture  tests.  All  specimens  were  1.50  inch 
(3.81  cm)  thick  and  were  proportioned  in  accordance  with  ASTM  standard  E--399-74. 

AISI  310  alloy  specimens  were  machined  with  the  crack  starter  notch  parallel 
to  the  rolling  direction  of  the  original  stock  — a XL  orientation  [1],  For 
all  other  materials  the  plane  of  the  notch  was  parallel  to  the  principal  forging 
axis  — a TS  orientation  fl]. 

Fatigue  tests  were  performed  using  load  control.  Dynamic  fatigue  loads 
were  measured  and  controlled  to  within  1 percent  by  means  of  a digital  peak 
recording  device.  The  load  cycle  was  sinusoidal  at  a constant  frequency  of 
20  Hz  and  a constant  stress  ratio  (minimum  load/maximum  load)  of  0.1. 

Most  cract  growth  data  were  obtained  during  precracking  of  specimens  for 
fracture  tests.  For  these  specimens  the  final  crack  length  was  limited  to  a 
ratio  a/W  between  0.45  and  0.60.  Fatigue  loads  and  stress  intensities  were 
limited  to  low  or  intermediate  values  as  shown  in  table  3.  A few  specimens 
were  tested  solely  for  crack  growth  data  at  high  stress  intensities;  for  these 
specimens  the  cracks  were  extended  to  a/W  * 0.70  using  loads  up  to  10,500  lbs 
(47  kN). 

ASTM  type  clip  gages  were  used  at  all  testing  temperatures.  Commercially 
available  foil  resistance  strain  gage  films  were  bonded  to  the  clip  gage  beams 
using  an  adhesive  recommended  for  low  temperature  applications.  The  clip 
gages  were  calibrated  at  temperatures  from  298  K to  4 K,  but  sensitivity  was 
not  significantly  temperature  dependent.  Clip  gage  linearity  met  ASTM  standards 
for  testing  fl]. 

For  linear  elastic  tests  of  T1-5A1-2. 5Sn,  deflections  were  measured 
between  attachable  knife  edges  located  at  the  specimen  edge  as  shown  in  figure 
4.  For  all  other  test  specimens  a modification  in  notch  configuration  was 
introduced  to  measure  load-line  deflections  as  shown  in  figure  5.  Roberts'  |14] 

K calibration  was  used  in  each  case. 
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Crack  growth  was  mon<tored  by  compliance  measurements.  Direct  mea- 
surement of  crack  lengths  at  the  specimen  surface  was  not  possible  during 
cryogenic  tests.  The  compliance  technique  Is  based  on  the  fact  that  for  a 
given  load,  the  specimen  compliance  (reciprocal  of  stiffness)  increases  with 
increasing  crack  length.  Compliance  methods  are  discussed  in  detail  else- 
where [4,  15]. 

Experimental  crack- length  — compliance  correlations  were  obtained  for 
each  material  and  temperature.  An  X-Y  recorder  was  used  to  measure  the  com- 
pliance for  a number  of  specimens  of  varying  crack  lengths.  Fatigue  strlations 
were  generated  by  load  changes  during  precracking  and  crack  growth  rate  tests 
so  that  several  crack- length  — compliance  measurements  were  obtained  from 
each  specimen.  The  data  were  plotted  as  a function  of  crack  length,  which 
was  measured  as  an  average  of  three  readings  at  the  center  and  quarter  points 
of  specimen  thickness. 

Theoretical  crack-length  — compliance  curves  were  calculated  from  the 
generalized  solution  given  by  Roberts  [14],  but  these  were  not  in  complete 
agreement  with  the  experimental  correlations.  Comparison  showed  that  the 
calculated  curves  consistently  underestimated  the  true  crack  lengths.  The 
difference  between  the  calculated  and  experimental  curves  usually  amounted 
to  about  5%. 

The  procedure  for  determining  crack  growth  rates  involved  plotting  the 
static  compliance  at  Intervals  during  the  tests.  Using  the  experimental 
crack-length  — compliance  correlation,  crack  length  could  then  be  obtained, 
within  ± 2 percent.  The  crack  length,  a,  was  plotted  versus  the  total  number, 
N,  of  fatigue  cycles,  and  the  crack  growth  rate  (da/dN)  was  determined  by 
graphical  differentiation  of  the  a-versu9-N  curve. 

It  Is  well  known  that  the  rate  of  crack  growth  can  be  retarded  by  changing 
from  a higher  to  a lower  stress  intensity  range.  Crack  growth  rates  can  also 
be  influenced  by  abrupt  temperature  changes.  Whenever  these  kinds  of  changes 
were  made  the  crack  growth  rate  was  allowed  to  stabilize  before  data  were 
accepted  as  valid.  Crack  growth  data  under  the  new  conditions  were  ignored 
until  the  crack  had  advanced  an  increment  equal  to  or  greater  tlian  the  plastic 
zone  size  as  calculated  according  to  Irwin's  formula  [16]. 


2.2.3  Fracture  Toughness 

Fracture  tests  of  T1-5A1-2. 5Sn  were  performed  with  the  22,500  lb. 

(100  kN)  servo-hydraulic  test  machine.  The  tests  were  performed  using 

-3  -1  -1 

stroke  control  at  a rate  of  3.9  x 1-  in  • sec  (100  ran  • sec  ). 

J-integral  fracture  tests  of  A-286,  Inconel  750,  and  AISI  310  alloys 
were  performed  using  a 60,000  lb  (267  kN)  capacity  hydraulic  test  machine. 

K was  measured  using  the  same  J-integral  test  specimens.  The  tests  were 

» A 1 *5  1 

conducted  at  a crosshead  rate  of  3.3  x 10  in  • sec  (8.4  x 10  nm  • sec  ). 
The  60,000  lb  (267  kN)  capacity  cryostat  and  associated  fracture  testing 
apparatus  were  described  previously  [13]. 

The  majority  of  fracture  tests  were  conducted  at  temperatures  of  298, 

76,  and  4 K.  A single  test  of  Ti-5Al-2.5Sn  was  performed  at  173  K in  an 
atmosphere  of  nitrogen  vapor.  The  specimens  were  allowed  twenty  to  sixty 
minutes  to  reach  thermal  equilibrium  before  testing. 

A temperature-control  system  with  a chromel-constantan  thermocouple 
was  used  to  maintain  a temperature  of  173  K t 4 K.  The  control  thermocouple 
was  located  on  the  specimen  at  the  level  of  the  fatigue  crack.  Vapor  from 
a pressurized  liquid  nitrogen  dewar  was  introduced  to  the  cryostat  through 
a solenoid  valve.  The  valve  admitted  cold  vapor  to  the  cryostat  as  required 
by  opening  and  closing  automatically  in  response  to  the  electrical  signal 
from  a commercial  temperature  recorder. 

The  specimens  were  precracked  at  the  temperature  of  subsequent  fracture 
testing  unless  otherwise  noted  in  the  text.  Ti-5Al-2.5Sn  specimens  were 
precracked  according  to  ASTM  E-399-74  criteria.  The  precracking  conditions 
for  other  alloys  are  listed  in  table  3. 

For  the  compact  tensile  specimens  described  in  this  report,  J was  cal- 
culated from  the  equation  [17]: 


J 


2A 

Bb 


(5) 


where  A is  the  area  under  the  load-deflection  curve  to  a particular  value  of 
displacement.  The  critical  value,  J^,  was  taken  as  the  value  of  J just  prior 
to  material  separation.  For  elastic-plastic  or  fully  plastic  fracture  tests. 
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the  J value  was  obtained  by  extrapolation  of  the  J versus  Aa  curve. 

The  extrapolation  technique  was  based  on  a method  outlined  by  Landes 
and  Begley  [10].  Following  their  procedure,  3 to  5 nearly  identical  speci- 
mens with  average  crack  lengths  agreeing  to  approximately  3 percent  were  tested 
at  each  temperature.  A series  of  load-deflection  curves  were  obtained  by  load- 
ing each  specimen  to  a level  sufficient  to  cause  decreasing  amounts  of  crack 
extension.  The  specimens  were  then  unloaded  and  heat  tinted^  to  oxidize  the 
surfaces  where  crack  extension  had  occurred.  The  specimens  were  subsequently 
pulled  apart  at  either  298  K or  76  K.  The  average  values  of  Aa  were  measured 
and  plotted  versus  the  corresponding  values  of  J. 

In  some  tests  a measurable  deformation  at  the  crack  tip  preceded  material 
separation.  Apparent  crack  extension  therefore  included  a contribution  due 
to  deformation  in  addition  to  actual  material  separation. 

To  account  for  apparent  crack  extension  due  to  deformation,  the  J/2o^^ow 
line  was  plotted  as  described  by  Landes  and  Begley  [10].  The  intersection  of 
the  J versus  Aa  curve  and  the  J/20^^  line  represents  the  initial  point  of 
material  separation;  J was  taken  as  the  value  of  J at  the  point  of  intersection. 

XL* 

For  AISI  310  specimens  the  length  of  the  stretch  zone  was  also  measured 
directly  from  the  fracture  surfaces  with  a traveling  microscope.  An  average 
value  from  several  specimens  was  plotted  as  a vertical  line  on  the  J-Aa  curves. 

When  the  J-Aa  graphs  appeared  to  be  nonlinear  beyond  the  stretch  zone 
region,  a concave  upward  curve  was  used  to  extrapolate  the  data.  The  concave 
curve  results  from  increasing  overestimation  in  J with  increasing  crack  ex- 
tension [10].  In  some  cases  a well  defined  curve  in  the  J-Aa  plots  was  not 
exhibited  due  to  data  scatter.  Uncertainty  in  the  value  of  JJC  was  accounted 
for  by  examining  a number  of  reasonable  extrapolations. 

Kj^(J)  values  were  calculated  from  J^  values  using  eq  (4).  Data  for 
E and  v at  the  temperatures  of  interest  were  taken  from  the  work  of  Ledbetter, 
Naimon,  and  Weston  [18]. 

3.  Results 

3.1  Tensile  Properties 

Tables  4-7  list  the  yield  and  tensile  strengths  for  all  alloys.  The 
results  are  shown  as  a function  of  temperature  in  figures  6-8.  The  stress- 

1 Specimens  were  heat  tinted  for  15-30  minutes  at  1300  - 1400  F. 
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strain  curves  are  given  in  figures  9-12. 

The  yield  strength  and  tensile  strength  of  the  Ti-5Al-2.5Sn  alloy 
nearly  doubled  with  a decrease  in  temperature  from  298  K to  4 K.  At  a 
value  of  ~ 225  ksi  (155  x 107  Nm  2)  the  yield  strength  in  liquid  helium 
exceeds  that  of  the  other  alloys  tested.  However,  ductility  is  low  at  4 K, 
as  indicated  by  the  stress-strain  curves  of  figure  9. 

The  tensile  behavior  of  AISI  310  was  similar  to  that  reported  previously 
r 13 1 for  AISI  304  and  316  stainless  steels.  Typically,  these  alloys  exhibit 
high  ductility,  work  hardening  capability  at  temperatures  as  low  as  4 K,  and 
discontinuous  yielding  behavior  at  4 K.  As  shown  in  figures  10-12  the  AISI 
310,  A-286,  and  Inconel  750  alloys  plastically  deformed  via  the  discontinuous 
yielding  process  at  4 K.  This  was  observed  for  AISI  304  and  316  alloys  also  [13]. 

Figure  8 shows  that  the  yield  strength  of  AISI  310  Increases  considerably 
with  decreasing  temperature  over  the  interval  298  - 4 K.  However,  the  yield 

strength  at  4 K was  lower  in  comparison  to  the  values  obtained  for  A-286,  Inconel 
750,  and  T1-5A1-2. 5Sn. 

3.2  Fatigue  Crack  Growth  Rates 

3.2.1  Ti-5Al-2.5Sn 

The  preliminary  room  temperature  crack  growth  rate  data  previously  re- 
portec  [13]  for  the  Ti-5AI-2.5Sn  alloy  were  inaccurate  and  have  been  corrected. 

The  preliminary  data  were  calculated  using  Roberts'  [14]  theoretical  compliance 
correlation.  The  data  have  been  corrected  using  a better  compliance  correla- 
tion, experimentally  determined. 

Fatigue  crack  growth  rate  data  for  Ti-5Al-2.5Sn  are  shown  in  figure  13. 

The  data  represent  tests  of  at  least  three  specimens  per  temperature.  At 

298,  76,  and  4 K,  the  rates  arp  nearly  equivalent.  Any  effect  of  temperature 

is  indistinguishable  compared  to  the  degree  of  scatter  among  specimens.  All 

crack  growth  rate  data  fit  within  a scatter  band  having  a width  of  about 

1/2  _2  1/2 

3 ksi  • in  (5.5  MNm  • m ).  The  scatter  in  data  is  somewhat  greater 
at  4 K than  at  298  or  76  K. 

Also  shown  in  figure  13  is  a straight  line  approximation  of  the  data  pre- 
viously reported  [13]  for  T1-6A1-4V.  The  crack  growth  resistance  of  the 
Ti-5Al-2.5Sn  alloy  is  superior  over  the  range  of  stress  intensities  examined. 


3.2.2  A-286 


Fatigue  crack  growth  rate  data  for  the  A-286  alloy  are  shown  in  figure  14. 
Most  of  this  data  was  reported  earlier  f 13 ] . 

Results  at  298,  76,  and  4 K demonstrate  that  cracks  propagate  at  lower 
rates  at  cryogenic  temperatures  than  at  room  temperature.  At  AK  = 40  ksi  • in1/; 
(A3. 9 MNm  m ) , the  crack  growth  rate  at  76  K or  4 K is  lowered  by  a factor 
of  two  from  the  room  temperature  value.  There  is  no  measurable  difference  in 
crack  growth  rates  at  76  and  4 K. 

3.2.3  Inconel  7S0 

Fatigue  crack  growth  rate  data  for  Inconel  750  are  shown  in  figure  15. 

The  scatter  in  data  at  each  temperature  was  particularly  low. 

The  crack  growth  rate  decreased  with  decreasing  temperature.  The  rate  of 
decrease  between  room  temperature  and  76  K was  large  and  similar  to  that  observed 

for  A-286.  Similarly,  there  was  only  a small  reduction  in  growth  rate  between 
76  K and  4 K. 

3.2.4  AISI  310 

The  results  for  AISI  310  stainless  steel  are  shown  in  figure  16.  Similar 
to  A-286  and  Inconel  750,  the  crack  growth  rate  is  lower  at  cryogenic  tempera- 
tures than  at  room  temperature.  A relatively  large  reduction  in  crack  growth 
rate  occurs  between  298  K and  76  K,  but  there  appears  to  be  no  measurable 
difference  between  76  K and  4 K. 

In  Figure  17  the  results  at  4 K for  310  stainless  steel  are  compared 
to  results  previously  obtained  fl3]  for  types  304  and  316.  Wide  bands  of 
scatter  were  observed  in  the  results  for  types  304  and  316.  Over  the  range 
of  crack  growth  rate  from  about  da/dN  = 10~6  - 10_/*  in  • cycle’1  (2.54  x 10~6 
2.54  x 10  cm*  cycle  1) , figure  17  indicates  that  cracks  propagate  more 
rapidly  for  AISI  304  and  316  stainless  steels  than  for  310.  The  crack  growth 
rate  for  310  stainless  steel  is  lower  by  a factor  of  about  two. 

3.3  Fracture  Toughness 

3.3.1  Ti-5Al-2.5Sn 

Fracture  test  records  for  T1-5A1-2. 5Sn  specimens  are  illustrated  in 
figure  18.  At  cryogenic  temperatures  the  load-deflection  curves  were  ideally 
linear  elastic;  failure  occurred  instantaneously  at  the  critical  stress  in- 
tensity. A minor  deviation  from  linearity  was  observed  only  in  tests  at  room 
temperature,  where  pop-in  (unstable  crack  extension)  occurred.  Each  pop-in 

was  marked  by  a discontinuity  in  the  terminal  portion  of  the  test  record  just 
prior  to  failure. 


Table  8 lists  the  values  of  K and  K for  ten  specimens.  The  specimen 
size  criterion  was  amply  satisfied,  as  demonstrated  in  table  9. 

Several  results  were  invalid  according  to  a strict  application  of 
nSTM  E-399-74.  The  data  for  three  specimens  were  designated  because  of 
minor  deviations  from  fatigue  crack  uniformity.  The  invalidating  criteria  are 
cited  in  table  9.  However,  these  irregularities  appear  to  have  had  no  in- 
fluence; scatter  in  the  data  is  quite  low,  and  values  are  in  gcod  agreement 
with  values  at  each  temperature. 

Figure  19  illustrates  the  temperature  dependence  of  fracture  toughness 
for  the  Ti-5Al-2.5Sn  alloy.  Other  results  f 22—2 3 ] for  extra-low-interstitial 
(ELI)  Ti-5Al-2.5Sn  alloys  are  presented,  as  well  as  data  previously  reported 
for  a mill  annealed  Ti-6Al-4V  alloy  fl3].  The  room  temperature  fracture  tough- 
ness of  Ti-5Al-2.5Sn  is  considerably  higher  than  that  of  the  Ti-6Al-4V  alloy, 
but  there  is  only  a small  difference  in  values  at  4 K.  A marked  tempera- 
ture dependence  reduces  the  fracture  toughness  of  the  Ti-5Al-2.5Sn  alloy  from 

70.3  ksi  • in1/2  (77.2  MNm“2  • m1/2)  at  298  K to  38.3  ksi  • in1/2  (43  MNm"2  • 
1/2 

m ' ) at  76  K or  4 K,  a decrease  of  46%. 


The  fracture  surface  appearances  of  specimens  tested  at  room  temperature 
and  in  liquid  heliuri  were  predominantly  flat.  The  width  of  the  shear  portion 
at  the  specimen  edge  is  less  than  3%  of  total  thickness.  The  shear  portion 
is  practically  non-existent  at  76  or  4 K 

In  load-deflection  behavior,  in  values,  and  in  fracture  surface 
appearance,  the  results  at  76  K and  4 K were  indistinguishable. 


3.3.2  A- 2 86 

Fracture  test  records  for  A-286  specimens  are  shown  in  figure  20. 
Deviations  from  linearity  were  noticeable  in  the  load-deflection  curves  at 
each  temperature.  The  degree  of  linearity  increased  at  lower  temperatures 
but  the  ASTM  E-399-74  specimen  thickness  criterion  for  linear-elastic  behavior 
was  never  satisfied.  Discontinuities  in  load- deflection  behavior  and  audible 
pop-in  phenomena  occurred  at  all  temperatures.  Heat-tinting  experiments  re- 
vealed that  small  increments  of  stable  crack  extension  always  preceded  pop- in. 
The  amount  of  stable  crack  extension  that  could  occur  prior  to  pop-in  was 
estimated  to  decrease  from  about  0.07  inch  (.178  cm)  at  298  K to  about  0.01 
inch  (0.025  cm)  at  4 K. 
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J-integral  test  results  are  given  in  figure  21  and  in  table  10.  As 
illustrated  in  figure  21,  the  J/2jflo((  lines  at  298,  76,  and  A K are  rather 
steep  and  coincide.  The  points  of  intersection  of  the  J-Aa  curves  with  the 
J/2aflow  lines  occurs  f°r  each  temperature  at  Aa  10~3  inch  (2.54  x 10~3  cm). 
Thus,  the  deformation  at  the  crack  tip  prior  to  material  separation  is  quite 
small;  a stretch  zone  was  not  visible  on  the  fractured  surfaces  of  test 
specimens . 

At  76  and  4 K the  JI(,  values  are  well  defined.  In  one  test  at  76  K, 
an  average  crack  extension  of  only  0.004  inch  (0.01  cm)  was  observed.  The 
heat-tinted  fracture  surface  of  this  specimen  revealed  that  crack  extension 
initiated  discontinuously  at  several  locations  along  the  crack  front.  The 
value  of  J for  this  test  was  very  nearly  the  critical  value,  JJC. 

The  scatter  in  the  data  at  298  K and  the  lack  of  data  at  very  low  values 
of  Aa  contributed  to  uncertainty  in  the  room  temperature  results.  A number 
of  extrapolations  indicate  that  JJr  lies  in  the  region  from  420  - 490 
in  • lb  • in"2  (0.073  - 0.086  MJ  • nf2). 

The  Kq  values  shown  in  table  11  are  not  valid  KIC  data  because  the 
linear-elastic  specimen  thickness  requirement  was  not  satisfied.  The  data 
of  table  12  indicate  that  a 1.75  inch  (4.44  cm)  thick  specimen  is  required 
to  assure  valid  KI(,  results  at  4 K.  The  required  thickness  is  significantly 
greater  at  higher  temperatures. 

Shown  in  table  11  are  calculations  of  the  specimen  strength  ratio1, 

RSC  at  anc*  ^ K*  T^ie  Kq  and  KjC(J)  parameters  are  shown  as  a 

function  of  temperature  in  figure  22.  Of  these  parameters,  only  the  KIC(J) 
values  represent  a meaningful  measure  of  fracture  toughness.  The  Rsc  values 
illustrate  qualitatively  the  effect  of  temperature  on  fracture  toughness. 

The  J-integral  results  demonstrate  that  the  A-286  alloy  undergoes  only 
a small  reduction  in  fracture  toughness  over  the  temperature  interval  298  - 4 K; 
KI(,(J)  decreases  from  -v  119  ksi  • in1/2  (130.6  MNm-2  • m1/2)  at  298  K to  ^ 109 
ksi  • in  (119.7  MNm  • m ^2)  at  4 K,  a decline  of  about  10%. 


1 


2P  (2W+a) 

The  specimen  strength  ratio,  R - — 2 f is 

B(W-a)  0 

maximum  nominal  net-section  stress  to  the  tensile 


the  ratio  of  the 
yield  strength. 
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3.3.3  Inconel  7 50 


F.-acture  data  for  Inconel  750  at  4 K have  not  been  completely  evaluated. 

The  results  obtained  at  298  K and  76  K are  reported  here. 

Fracture  test  records  for  Inconel  750  are  shown  in  figure  23.  At  298  K 
and  76  K fracture  occurred  by  stable,  ductile  tearing.  The  load-deflection 
curves  deviated  substantially  from  linearity.  Valid  KI(,  data  could  not  be  ob- 
tained according  to  the  ASTM  E-399-74  method  due  to  inadequate  specimen  thick- 
ness as  indicated  in  table  13.  The  values  obtained  by  this  method  are  listed 
in  table  14.  The  J-integral  tests  results  are  shown  in  table  15  and  in  figure 
24.  The  size  criterion  for  J-integral  tests  is  amply  satisfied  as  shown  in 
table  13. 

At  298  K the  J-Aa  curve  is  concave  upward.  At  76  K the  trend  of  the 

J-Aa  curve  is  obscured  by  scatter,  but  the  JJC  value  is  rather  well  defined 

because  two  data  points  are  very  near  the  J /To  line. 

flow 

Figure  25  indicates  that  the  fracture  toughness  of  Inconel  750  decreases 
from  a KI(;(J)  value  of  ~ 189  ksi  • in1/2  (107.5  Nm"2  • m1/2)  at  298  K to  a 
value  of  % 173  ksi  • in1/2  (190  Nm"2  • m1/2)  at  76  K,  a decrease  of  10%. 

*.3.4  AISI  310 

Fracture  tests  of  AISI  310  at  4 K are  now  in  progress.  Results  at  298  K 
and  76  K are  presented  here. 

An  outstanding  characteristic  of  room  temperature  tests  was  the  large 
amount  of  plastic  deformation  that  occurred  at  the  crack  tip  prior  to  material 
separation.  Loading  caused  a noticeable  blunting  of  the  crack  tip  and  an 
apparent  crack  extension  of  about  0.08  inch  (0.2  cm).  The  deformation  was 
visible  on  the  surfaces  of  fractured  specimens  as  a zone  of  stretch  between 
the  fatigue  cracked  region  and  the  torn  ligament.  This  deformed  zone  curved 
lpward , out  of  the  plane  of  the  fatigue  crack. 

The  fracture  test  records  for  AISI  310  are  shown  in  figure  26.  The  load- 
deflection  curves  indicate  fully  plastic  behavior.  At  298  K and  76  K the 
d°  fracture  was  stable,  ductile  tearing.  Discontinuities  occur  in  the 
A k curves  probably  due  to  adiabatic,  localized  specimen  heating. 

J-integral  test  results  are  shown  in  table  18  and  in  figure  27.  At  room 
temperature  the  J/20^^  line  has  a slope  nearly  equal  to  the  slope  of  the 
extrapolated  J-Aa  curve.  The  vertical  stretch  zone  line,  the  J/2o„,  line 


72 


and  the  J-Aa  curve  appear  to  meet  at  a point  of  triple  intersection.  The 

J/2o^  line  appears  to  be  in  agreement  with  the  datum  point  for  a specimen 

tested  to  a Aa  value  in  the  stretch  zone. 

At  76  K the  J/2 D...  line  predicts  a larger  stretch  zone  than  was  actually 

flow 

measured.  The  value  of  J for  this  temperature  was  determined  by  extrapolating 

i.  L 

the  J-Aa  curve,  to  the  measured  value  for  the  stretch  zone.  The  firs  three 

data  points  ^ere  weighted  more  heavily;  this  yields  a more  conservative  estimate 

of  J , than  if  the  fourth  datum  point  were  equally  weighted.  The  value  given 
J. 

for  J at  76  K is  preliminary;  additional  data  are  needed  at  Aa  ^ 0.015  inch 

J.  L 

(0. 38  cm) . 


The  Kq  values  listed  in  table  16  do  not  represent  valid  fracture  toughness 
measurements.  The  ratio  of  fracture  toughness  to  yield  stress  is  very  high  at 
each  temperature;  hence,  linear  elastic  plane  strain  behavior  could  never  be 
observed  in  practical  test  specimen  sizes.  Table  17  indicates  that  at  76  K 
linear  elastic  behavior  would  be  observed  in  18  inch  (46  cm)  thick  specimens. 

On  the  other  hand,  specimens  ^ 0.6  inch  (1.5  cm)  are  sufficient  for  J-integral 
tests. 


The  KIC(3)  values  converted  from  the  J^c  data  are  shown  in  figure  28. 

The  K (J)  value  at  76  K is  substantially  higher  than  the  value  at  298  K — a 
I L. 

clear  indication  that  the  fracture  toughness  of  AISI  310  increases  at  cryogenic 
temperatures. 

The  fracture  surfaces  of  AISI  310  specimens  were  not  ferromagnetic,  in 
contrast  to  the  findings  reported  for  AISI  304  and  AISI  316  stainless  steels 
[13].  This  indicates  that  there  was  no  austenite-to-martensite  transformation 
for  the  AISI  310  alloy,  even  when  deformed  and  fractured  in  liquid  helium. 

This  is  in  agreement  with  other  observations  that  the  austenitic  310  alloy 
remains  stable  during  deformation  at  low  temperatures  whereas  304  and  31b 
stainless  steels  do  not  [25,  '’6]. 

4.  Discussion 

The  tensile  results  for  the  alloys  Ti-5Al-2 . 5Sn , Inconel  750,  and 

AISI  310  were  in  close  agreement  with  data  from  the  literature  [12,  21-2^, 

27-38]  bat  the  yield  strengths  determined  for  the  precipitation  hardened 

A-286  alloy  were  'v  15%  lower  than  might  be  expected.  Data  in  the  literature 

[37-45]  indicate  that  room  temperature  yield  strengths  of  about  105  ksi 
7 -2 

(72.4  x 10  Nm  ) and  higher  con  be  achieved.  Probably  due  to  the  complex 
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metallurgical  structure  of  alloy  A-286,  it  has  been  found  [46]  that  the  optimum 
tensile  properties  are  not  always  achieved  with  the  standard  heat  treatment. 

Fracture  toughness  data  for  Ti-5Al-2.5Sn  at  cryogenic  temperatures 
are  available  in  the  literature  [22,  23,  47-51]  but  the  existing  data  are 
incomplete.  Some  data  [47,  50,  51]  obtained  for  thin  sheet  materials 
CB<  .5  inch)  were  not  sufficient  to  provide  valid  KJC  data  over  the  entire 
cryogenic  to  ambient  temperature  range.  No  data  at  4 K had  been  reported. 

Although  it  is  generally  accepted  that  ELI  grades  of  Ti-5Al-2.5Sn 
exhibit  superior  low  temperature  toughness  compared  to  normal  interstitial 
grades,  there  has  been  a lack  of  quantitative  data  relating  K values  to 
interstitial  content.  The  present  results  should  provide  a useful  basis  for 
comparison 


In  figure  19  the  data  of  Pyle  et  al.  [22]  and  Carman  et  al.  [23]  were 
|) resented.  These  authors  performed  tests  on  ELI  grades  of  Ti-5Al-2.5Sn 
havi  ig  a total  Fe  + C + C + 0 + N content  of  0.28  - 0.46%.  At  20  K,  th' 
average  values  are  ^ 9 ksi  • in1/>2  higher  than  the  normal  interstitial 
(H  + C + 0 + N = .52%)  Ti-5Al-2.5Sn  alloy  reported  here.  It  may  be  significanl 
to  note  that  the  ELI  grades  exhibited  considerable  variability.  Scatter  in 
the  results  of  Pyle  et  al.  and  Carman  et  al.  amounted  to  ± 14%. 

Tt'e1^2IC^J^  values  for  Inconel  750  at  76  K were  in  the  range  161-185 
’ in  • Scatter  in  the  data  between  specimens  may  have  been  due  parti  • 
to  the  fact  t*  at  the  specimens  were  obtained  from  individual  forgings.  Data 
reported  by  Lessmsn,  Logsdon,  Kossowsky,  Mathur,  and  Wells  [21]  showed 
KK;(J)  ^lues  of  about  70  ksi  • in  for  Inconel  750  at  76  K.  The  material 
tested  bv  Lessman,  et  el.  was  solut.on  treated  and  double  aged  using  diffe 

• it  treatment  conditions  than  those  applied  in  the  present  investigation, 
ihus,  processing  and  hea  treatment  apparently  influence  the  fracture  toughness 
oi  Inconel  750  significantly. 

Depending  primarily  on  alloy  composition,  the  A^SI  300  series  austenitic 
t ainless  steels  are  metastable.  At  low  temperatures  the  austenitic  phase  (y) 

• i'.  transform  to  bcc  («'  ) or  to  hep  (e ) martensitic  structures.  Literature 
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is  available  describing  the  effect  of  transformation  on  low  temperature 
strength  and  ductility  [25,  52-55]  but  little  has  been  published  concern- 
ing the  effect  of  such  transformations  on  fatigue  crack  growth  rates  and 
plane  strain  fracture  toughness. 

In  the  present  studies,  magnetic  measurements  revealed  that  cyclic 
loading  of  AISI  304  and  316  stainless  steels  during  crack  growth  experiments 
at  4 K caused  considerable  formation  of  martensite.  There  was  no  evidence 
of  transformation  for  AISI  310,  agreeing  with  tensile  data  [25,  26].  As 
much  as  95%  martensite  may  result  from  strain  induced  transformations  in 
AISI  304  an  1 316  alloys  [25,  26]. 

When  crack  growth  rate  data  for  AISI  310  were  compared  with  previous 
results  [13]  for  AISI  304  and  316  alloys,  the  crack  growth  rates  at  room 
temperature  were  nearly  equivalent.  At  room  temperature,  the  three  alloys 
are  essentially  stable  and  the  lata  represent  the  rate  of  crack  propagation 
through  austenite. 

During  tests  of  AISI  304  and  316  alloys  at  76  and  4 K,  it  can  be  assumed 
that  the  martensitic  transformation  occurred  locally  in  the  plastic  zone 
ahead  of  the  crack  tip;  transformation  preceded  material  separation.  The 
parameter  measured  in  these  tests  was  the  rate  of  crack  propagation  through 
partially  martensitic  material.  But,  the  data  for  AISI  310  represent  the  rate 
of  propagation  through  stable  austenite.  The  comparison  in  figure  17  for  4 K 
date  indicated  that  over  the  range  of  stress  intensity  examined,  the  crack 
growth  rate  in  the  metastable  alloys  (AISI  304,  316)  is  higher.  But,  at  room 
temperature  all  alloys  (304,  310,  316)  exhibit  equivalent  crack  growth  rates. 
It  is  suggested  that  the  crack  growth  rate  behavior  of  AcSI  300  series  stain- 
less steels  is  influenced  by  the  martensitic  transformation;  apparently, 
transformation  preceding  crack  growth  results  in  higher  crack  growth  rates. 

The  AISI  310  alloy  exhibits  excellent  fracture  toughness  at  cryogenic 
temperatures,  but  the  fracture  toughness  of  304  and  316  stainless  steels 
are  greater.  The  austenite  to  martensite  transformation  provides  a plausible 
■xplanation  for  the  difference  since  the  transformation  is  an  energy  absorbing 
process.  For  materials  that  transform  during  fracturing,  not  all  the  energy 
absorbed  during  the  test  goes  into  crack  extension  [56].  Martensitic  phase 
transformations  account  for  the  high  fracture  toughness  observed  in  TRIP 
(transformation  induced  plasticity)  steels  [57]. 
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The  mechanical  properties  of  the  materials  that  we  have  investigated 
at  4 K are  compared  in  table  19.  The  alloys  are  classified  in  three  groups 
that  represent  a wide  range  of  mechanical  behavior.  The  fracture  toughness 
data  for  these  materials,  based  on  the  KJC  and  KI(,(J)  parameters,  varies  by 
over  an  order  of  magnitude  from  35  ksi  * in  for  the  T1-6A1-4V  alloy  to 
^ 475  ksi  . in1^2  for  AISI  304.  The  same  materials  vary  in  yield  strength 
by  a factor  of  three.  The  precipitation-hardened  austenitic  alloys  occupy 
an  intermediate  position,  combining  a balance  of  fracture  toughness  and 
yield  stress  with  high  resistance  to  fatigue  crack  growth  at  cryogenic  tem- 
peratures. 

The  choice  of  materials  for  specific  applications  must  be  made  on  the 
basis  of  several  interrelated  design  criteria.  The  alloys  in  table  19  are 
ranked  in  descending  order  according  to  fracture  toughness  but  on  the  basis 
ot  yield  strength  the  ranking  would  be  exactly  reversed.  The  fact  that  fracture 
toughness  and  yield  stress  are  inversely  related  is  a typical  example  of  the 
trade-ofts  that  are  involved  in  materials  selection. 
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Table  1.  Material  condition  and  form  as  received. 


Material 


Form 


NOTE:  1 inch  = 2.54  cm. 


Condition  as  Received 


Ti-5Al-2.5Sn 

4 3/4"  square  bar 

Commercial  annealed 

A-286 

4 1/2"  square  bar 

Forged  and  annealed 

Inconel  750 

4 1/4x41/4x1  3/4" 

Forged,  hot-finished 

Forgings 

AISI  310 

1.5"  Plate 

Commercial  annealed 

Ti-  5A1-2 . 5Sn 
AISI  310 

A -286 

Inconel  750 


Table  2.  Chemical  analyses  (wt%). 


5.28A1,  0.  327Fe,  2.46Sn,  0.01C,  0.01N,  0.1740,  40  ppm  H 

Bal  Fe,  0.  038C,  1.41Mn,  0.  023P,  0.  016S,  0.72Si,  24.65Cr, 
20.  4Ni,  G.  1 3Mo,  0.  14Cu 

Bal  Fe,  0.  05C,  1.52Mn,  0.016P,  0.007S,  0.54Si,  13.96Cr, 
24.97N1,  1 . 30 Mo , 2.23Ti,  0.  004  B,  0.30  V,  0.  19  A1 

6.  58Fe,  0.04C,  0.20Mn,  0.  007S,  0.2Tci,  15.16Cr,  73.  52Ni, 
0.  04  Cu,  2 . 51  Ti,  0.  78  Al,  0.  89  Cb  + Ta 


Alloy  Temperatures  a/W  (Pj/Pm^  (^) 


1 1-5A1-2.  5Sn 

298,  76, 

4 K 

.45  - .55 

~ 0.  5 

K{  ^ . 6Kq;  K{  < . 002  E 

- i b 6 

298,  76, 

4 K 

~ 0.  55 

0.4 

K{  s . 55Kq;  K{  " . 002  ( 

Inconel  750 

298,  76, 

4 K 

~ 0.  60 

0.  3 

K{  £ . 5Kq;  K{  ^ . 0014  E 

AIM  310 

298  K 

~ 0.  63 

0.  7 

K{  £ . 8K  ; Kf  £ . 002  E 

76,  4 K 

~ 0.  63 

0.  4 

K * . 65KQ;  Kf  - . 002  ] 

Ap  /P  is  the  ratio  of  maximum  fatigue  load/maximum  load  to  fracture. 

! m 

hK  is  the  maximum  stress  intensity  during  fatigue,  E is  Young's  modulus. 


Table  4.  Yield  and  ultimate  tensile  strengths  for  Ti-5Al-2.  5Sn 


Temperature 


0.2%  Yield  Strength 


27.  8 
26.  0 


Avg  = 127 


Ultimate  Tensile  Strength 


35.  2 
33.  0 


Avg=  134 


Avg=225 


NOTE:l  ksi  = 0.  689  x 10  Nm 


Avg:-  226 


T-'.ble  5.  Yield  and  ultimate  tensile  strengths  for  A -286 


Temperature  0.  2%  Yield  Strength  Ultimate  Tensile  Strength 

Source  ....  Orientation  „ . * 


hi  s 

298 

Trans. 

93.  3 

Report 

83.  0 

Avg  - 

88 

76 

Trans. 

110.  5 

106.  5 

Avg  = 

108 

4 

Trans. 

129.1 

128.  7 

Avg  = 

129 

A arren 

298 

Long. 

111 

NO  IE:  1 ksi  = . 689  x 10  Nm 

a An  estimation  based  on  the  data  of  Warren  and  Reed  [ 19] 


Table  6.  Yield  and  ultimate  tensile  strength  for  Inconel  75  0. 


Temperature 

(K'  


298 


76 


0.  2%  Yield  Strength  Ultimate  Tensile  Strength^ 

(ks  j) (>sy 


106.  0 
100.  7 


= 103 

119. 

6 

115. 

7 

= 118 

128. 

1 

124. 

7 

174.9 
166.  7 


171 

205. 

9 

203. 

9 

205 

226. 

. 6 

224 

.2 

Table  7.  Yield  and  tensile  strength  for  A1S1  310 


Temperature 

( K 1 

0.2%  Yield  Stress 
(ksi) 

Ultimate  Tensile  Strength 
(ksi) 

298 

35.  3 

34.  2 

Avg  = 35 

78.9 

78.  7 

Avg  79 

76 

79.  2 

77.  7 

Avg  ;78 

151.7 

153.6 

Avg  1 5 1 

4 

1 1 1 . 0 a 

171 

. .7  -Z 

a 


Measured  according  to  cros 


shead  travel. 


Table  8.  Fracture  toughness  of  Ti-5Al-2.  5Sn . 


Temperature 

(K) 

Specimen 

a/W 

K (ksi.  in1/2 ) 

Iv 

K^ksi-in1/2) 

298 

1 

. 552 

68.  9 

- 

3 

. 562 

71.7 

4 

.561 

- 

71.  6a 

173 

10 

.629 

- 

53.  2b 

76 

8 

.462 

- 

39.  9a 

9 

.460 

38.  3 

- 

12 

.495 

- 

39.  5C 

4 

6 

.473 

39.4 

- 

13 

. 552 

37.1 

14 

. 504 

- 

36.  6d 

aFatigue  crack  plane  deviated  ~i3e  from  notch  plane;  s10°  is  acceptable. 
^Fatigue  stress  intensity  exceeded  0.60  Kq. 


cSide  grooved  specimen;  KQ  calculated  according  to  Freed  et  al.  [ 24] 

dEdge  crack  = 89.  5%  of  average  crack  length;  a 90%  is  acceptable. 

,/?  6 -2  1/2 

NOTE:  l ksi  • in  ^ = 1. 098  x 10  Nm  * m 


Table  9.  Specimen  thickness  required  for  valid  for  Ti-5Al-2.  5Sn 


Temperature 

(K) 

a 

(in) 

D 

(in) 

0 y 

(ksi) 

KiC/ 

(ksi*  in1  2) 

2.  5 (K  / C y ) 
(in) 

298 

1.  35  - 1.  65 

1.  5 

122 

70.  3 

0.  835 

7 6 

1.  35  - 1.  65 

1.5 

200 

39.  2 

0.  096 

4 

1.  35  - 1.  65 

1.  5 

225 

38.  3 

0.  072 

NO  l'ES:  1 in  = 2.  54  cm. 

1 ksi  = . 689  x 107  Nm’^ 

1 ksi.  in1/2  = 1.  098  x 106  Nm 


Table  10.  J-integral  test  results  for  alloy  A-286. 


Table  12.  Specimen  thickness  required  for  valid  fracture  tests  of  A-286 


Temperature 

(K) 

2.5  (K  /a  )2 

Q y 

(in) 

2.5  [Kc(J)/ffy]2 
(in) 

50  V'flow 

(in) 

298 

3.1 

4.  5 

0.  20 

76 

3.3 

2.  7 

0.13 

4 

2.1 

1.8 

0. 10 

NOTE:  1 inch  = 2.  54  cm 

Table  13.  Specimen  thickness 

required  for  valid  fracture  tests  of  Inconel  750. 

Temperature 

2.5[KIC(J)/c  ]2 

50  'VW 

(K) 

(in) 

(in) 

298 

8.  6 

.41 

7 6 

5.  7 

. 29 

NOTE:  ! inch  = 

2.  54  cm 

Table  14. 

Kq  parameters  for  Inconel  750 

1 emperature 

Specimen 

a/W 

Kn 

(K) 

(No.  ) 

,,  . . ?/2. 

(ksi*  in  ) 

2'18 

2 

. 601 

104 

7 

. 603 

118 

10 

. 602 

106 

5 

. 604 

123 

Avg  =113 

76 

8 

. 605 

118 

11 

. 602 

139 

4 

. 599 

160 

Avg  = 139 

i. 


Table  16. 


Parameters  for  AISI  310 


Temperature 

(K) 

Specimen 
(No.  ) 

a/W 

K 

(ksi*  in  1/2) 

i 

Z98 

4 

. 628 

40.  6 

;i 

2 

. 630 

45.  1 

. i 
i ; 

9 

. 635 

44.1 

5 

. 640 

48.  0 

| 

Avg=  44.  5 

• • 

76 

12 

. 643 

97.2 

' i 

1 

. 618 

80.8 

I 

. / 

13 

. 618 

77.  8 

8 

. 609 

83.  2 

i 

Avg=  84. 8 


NOTE:  1 ksi*  in1/2  = 1.  098  x 106  Nm'2*  m1/2 


Table  17.  Specimen  thickness  required  for  valid  fracture  tests  of  AISI  >10 


Temperature 

(K) 

2.  5[K  (J)/oy]2 

( incli) 

50,lV>j 

( men) 

298 

76 

54 

17.  6 

1.  23 

0.  60 

j! 

NOIE:l  in  = 2.  54  cm.  :J 
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TEMPERATURE,  K 

FIGURE  7 - Yield  and  tensile  strength  of  Inconel  750 
as  a function  of  temperature. 
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IGURE  10 


Stress-strain  curves  for  A-286 
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STRESS  , 


STRAIN 


FIGURE  12  - Stress-strain  curves  for  A I S I 310 


STRESS  INTENSITY  FACTOR  RANGE,  A K (N/m./nT) 


STRESS  INTENSITY  FACTOR  RANGE,  AK  (ks1-1n1/2) 
FIGURE  15  - Crack  growth  data  for  Inconel  750. 
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FIGURE  22 


Temperature  dependence  of  fracture  toughne*. 
for  A- 286 . 
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SEMI-ANNUAL  REPORT  ON  MATERIALS  RESEARCH 
IN  SUPPORT  OF  SUPERCONDUCTING  MACHINERY 

ADVANCED  COMPOSITES 

iJ 


h.  B.  Kasen,  and  R.  E.  Schramm 


Cryogenics  Division 
Institute  fo-  Basic  Standards 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


October  1974 


Sutnnary:  Advanced  Composites 

The  experimental  work  in  this  program  will  be  conducted  in  two  phases. 

Phase  I,  already  underway,  will  have  the  objectives  a)  to  thoroughly  check  out 
and  refine  experimental  methodology,  instrumentation  and  equipment  and,  b)  to 
obtain  base  data  on  commercial  boron/epoxy  and  graphite/epoxy  against  which  to 
compare  the  results  obtained  in  Phase  II.  Phase  I work  will  be  confined  to 
evaluation  of  uniaxiai  longitudinal  and  uniaxial  transverse  tensile  strength 
and  moduli  at  295  K,  77  K and  4 K. 

Phase  II  will  provide  an  in-depth  characterization  of  the  static  mechanical 
properties  of  uniaxial  lamellae  of  boron/epoxy,  boron/ aluminum,  graphi te /epoxy , 
Kevlar  49/epoxy  and  glass/epoxy  down  to  4 K,  >mphasizing  the  latter  temperature 
as  it  is  of  most  interest  to  superconducting  technology.  The  program  is  designed 
to  yield  data  which  may  be  used  by  designers  faced  with  the  problem  of  calculating 
the  properties  of  complex  fiber  layups  in  real  engineering  structures.  Phase  II 
materials  will  consist  of  commercial  boron/epoxy  and  boron/aluminum,  while  the 
glass,  Kevlar  49  and  graphite  fibers  will  utilize  an  epoxy  matrix  optimized  for 

cryogenic  use. 

Sufficient  Phase  II  material  has  been  ordered  to  permit  thermal  expansion 
(contraction),  thermal  conductivity,  dynamic  elastic  modulus  characterization 


of  the  materials. 

A comprehensive  review  of  the  literature  on  the  mechanical  and  thermal 
properties  of  advanced-fiber  reinforced  structural  composites  at  cryogenic 
temperatures  has  been  completed  and  is  included  in  this  report.  This  is  I art  II 
of  a two-part  series.  Part  I reviewed  the  literature  on  glass- reinforced  com- 
posites and  was  included  in  the  ARPA  Semi-Annual  Technical  Report  May  1974. 

The  Part  II  review  includes  tensile,  flexural  and  compressive  strength  and 
moduli,  interlaminar  shear,  ultimate  tensile  strain,  bearing  strength,  dynamic 
fatigue  and  impact,  thermal  expansion  (contraction),  thermal  conductivity  and 
specific  heat.  Only  uniaxial  longitudinal  and  uniaxial  transverse  data  are 
considered.  Composite  classes  include  boron/epoxy,  boron/aluminum,  graphite/epoxy 
and  Kevlar  49/epoxy.  Data  are  presented  for  several  hybrids  (combinations  of 
reinforcing  materials)  for  comparative  purposes.  The  amount  of  data  available 
varied  greatly  among  the  composite  types.  In  a few  cases,  a very  large  amount 
of  data  were  available  for  a specific  property  of  a specific  composite  type  (e.g., 
flexural  data  on  HT-S/X-904  graphite/epoxy);  however,  in  most  cases,  available 
data  reflected  the  results  of  only  a few  tests. 
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The  literature  indicates  that  the  advanced-fiber  composites  have  potential 
application  <„  cryogenic  structures  where  a high  modulus  is  required  alone 
With  excellent  sttength  and  (except  for  aluminum-matrix  composites)  low  thermal 
conductivity.  The  commercial  boron/epoxy  and  boron/aluminum  composites  appear 
to  perform  exceptionally  well  without  optimization  for  cryogenic  service.  Re- 
sults with  graphite-reinforcement  are  less  clear.  Available  data  suggest  some 
erratic  behavior  at  cryogenic  tetmeratures  for  these  latter  materials;  however 
some  successful  practical  applications  of  graphlte/epoxy  composites  at  cryo- 
genic temperatures  suggests  the  possibility  that  the  erratic  experimental  data 
may  reflect  problems  of  test  method  rather  than  Inherent  material  deficiency. 
Additional  study  is  needed  in  this  area. 

The  relatively  new  Kevlar  49  fiber  in  epoxy  matrices  appears  promising 
for  cryogenic  work,  although  available  data  are  minimal.  The  advantage  of 

this  fiber  is  relatively  low  cost  combined  with  a substantially  higher  modulus 
than  is  obtained  with  glass  reinforcement. 

For  most  properties  and  most  materials,  available  data  do  not  extend  below 
77  k.  No  direct  data  (as  distinct  from  that  generated  in  pressure  vessel  evaluut 
tests)  exists  for  fatigue  performance  of  advanced  composites  at  cryogenic  tempera 
tures.  Although  there  is  no  a. priori  reason  to  believe  that  the  general ly  excel  1, 
fatigue  properties  of  such  materials  at  room  temperature  will  be  degraded  by 
cooling,  this  parameter  warrants  further  investigation. 

Available  data  on  polymeric-matrix  composites  are  almost  entirely  confined  i 
epoxy  matrices,  although  a small  amount  of  data  were  available  for  a polyimide 
matrix.  The  epoxies  were  for  the  most  part  conventional  formulations  not  opu- 
mtxed  for  cryogenic  use.  While  this  does  not  appear  to  be  a factor  in  the  boron 

epoxy  types,  data  suggest  that  the  graphite  and  Kevlar  49  fiber  composites  may 
benefit  from  matrix  optimization. 
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COMPOSITE  TESTING  PROGRAM 


1.  Introduction 

The  composite  testing  program  was  finalized  following  completion  of  the 
literature  review,  Part  II  of  which  preceeds  this  Section.  This  review  led 
to  the  following  conclusions  relative  to  the  test  program: 

1)  Much  of  the  literature  data  are  of  questionable  value  due  to  the  lack 
of  standard  test  procedures,  inadequate  numbers  of  specimen  replications  or  to 
poor  experime-tal  technique.  For  the  most  part,  cryogenic  data  were  incidental 
to  the  main  testing  program  with  little  attempt  to  optimize  test  procedures  for 
low  temperature  conditions. 

2)  Much  of  the  literature  data  are  of  less  value  than  desired  due  to  failure 
to  report  the  full  characterization  of  the  material  under  test,  i.e.,  void  traction, 
fiber  density,  processing  details,  location  and  type  of  fracture,  etc. 

3)  Existing  data,  while  useful  i..  illustrating  trends,  are  of  relatively 
little  use  to  designers,  as  the  data  are  insufficiently  complete  to  permit  pre- 
diction of  crossply  properties. 

4)  Existing  data  extend  only  to  20  K for  glass,  while  most  of  the  advanced 
composite  data  terminate  at  77  K. 

5)  The  commercial  boron/epoxies  and  boron/aluminum  (6061)  composites 
appear  to  perform  sufficiently  well  at  cryogenic  temperatures  as  to  preclude 

the  need  for  optimization.  However,  the  glass,  graphite  and  Kevlar  49  composites 
ippear  to  benefit  from  the  use  of  an  epoxy  mat-ix  optimized  for  cryogenic  use. 

Based  on  these  considerations,  a two-phase  testing  program  has  been 
initiated. 
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2.  Phase  I;  Preliminary  Work 

This  phase  has  been  designed  in  particular  response  to  item  (1)  above. 

Its  immediate  objectives  are  to  firmly  establish  the  validity  of  the  method 
for  tensile  testing  down  to  4 K.  At  the  same  time,  this  phase  will  produce 
mechanical  property  data  on  commercial  boron/epoxy  and  commercial  graphite/ 
epoxy  which  will  be  useful  as  a base  line  for  comparison  with  results  obtained 
in  the  subsequent,  more  comprehensive  program. 

The  composite  materials  used  in  this  preliminary  study  have  been  donated 
by  two  producers  of  commercial  prepreg  materials,  all  material  being  unidirec- 
tional: 


Material 

Supplier 

Plies 

Orientation 

5.6  mill  Boron/Epoxy 

A 

4 

longitudinal 

5.6  mil  Boron/F,poxy 

A 

11 

transverse 

5.6  mil  Boron /Epoxy 

B 

6 

longitudinal 

Graphite /Epoxy 

A 

6 

longitudinal 

Graphite /Epoxy 

A 

16 

transverse 

2.1  Procedural  Checkout 

The  procedure  for  tensile  testing  was  based  on  ASTM  D 3039-71T,  Tentative 
Method  of  Test  for  Tensile  Properties  of  Oriented  Fiber  Composites,  with  the 
gripping  system  modified  for  cryogenic  testing.  All  specimens  are  28  cm  (11  in) 
long  with  a 15.2  cm  (6  in)  gage  length.  Longitudinal  specimens  are  1.27  cm 
(1/2  in)  wide,  while  transverse  specimens  are  2.54  cm  (1  in)  wide. 

The  prior  experience  of  our  laboratory  and  the  available  literature  concur 
in  selecting  strain  gages  over  extensoraeters  for  precise  strain  measurement; 
furthermore,  determination  of  the  overall  Poisson's  ratios  requires  transverse 
strain  data  for  which  purpose  strain  gages  must  be  used. 

512< 


128 


J I 


One  of  the  major  problems  in  mechanical  testing  of  composites  is 
obtaining  valid  tensile  fractures  in  the  uniaxial  longitudinal  test  mode, 
i.e.,  obtaining  fractures  within  the  gage  length  rather  than  within  the  grips. 

The  problem  is  basically  one  of  transferring  the  tensile  load  from  the  grips 
into  the  filaments  of  the  composite.  Our  approach  to  solving  this  problem 
differs  from  ASTM  D 3039  in  that  we  do  not  plan  to  use  reinforcing  tabs. 

Rather,  we  have  chosen  to  use  the  grip  system  illustrated  in  Figure  1.  In 
this  arrangement , a piece  of  100  mesh  stainless  steel  screen  of  0.01  cm 
(0.0045  in)  wire  is  wrapped  around  each  end  of  the  specimen  for  a distance 
of  about  6.4  cm  (2.5  in).  The  specimen  ends  are  then  sandwiched  between  two 
sheets  of  0.16  cm  (1/16  in)  T1-6A1-4V  titanium  alloy  which  has  been  cross- 
serrated  with  10  teeth  per  inch  on  the  sides  contacting  the  specimen.  Finally, 
two  plates  of  0.48  cm  (3/16  in)  thick  stainless  st  eel  pressure  plates  are 
bolted  onto  the  assembly.  Ir  this  arrangement,  the  tensile  load  is  transferred 
only  through  the  titanium  part  of  the  grip. 

The  pressure  is  applied  by  a row  of  six  8-32  machine  screws  on  each  side 

j 

of  the  grip.  The  torque  on  the  screws  is  decreased  systematically  going  from 

■ 

the  grip  ends  toward  the  gage  section  so  as  to  introduce  the  load  into  the 

I 

specimen  in  a systematic  anner.  For  example,  with  boron/epoxy  material,  a 

1 I 

satisfactory  arrangement  has  been  found  to  be  0.25  N • m (35  in-oz)  of  torque 
applied  to  the  four  screws  closest  to  the  specimen  end,  0.23  N • m (33  in-o/.) 
for  the  screws  fifth  from  the  end  and  0.22  N • m (31  in-oz)  for  the  screws 

: 

closest  to  the  gage  length.  The  grips  and  specimens  are  mated  in  an  alignment 
fixture  prior  to  insertion  into  the  tensile  cryostat. 

As  an  initial  step  in  the  procedural  checkout,  the  alignment  of  the 
specimen  as  mounted  in  the  cryostat  was  determined  by  the  multiple-gage  technique 
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specified  in  ASTM  D 3039-71T  and  was  found  to  be  in  compliance  with  the  stated 
criteria.  At  the  same  time,  the  two  separate  strain  gage  balance,  amplification 
and  recording  systems  as  required  for  Poisson's  ratio  determination  were  checked 
out  and  proven  satisfactory. 

2.2  Acquisition  of  Initial  Data 

The  initial  run  was  made  using  a 4-ply  5.6  mil  boron/epoxy  longitudinal 
specimen  from  supplier  A.  This  specimen  was  cycled  through  a portion  of  its 
elastic  region  three  times  at  room  temperature  (295  K)  and  the  longitudinal 
and  transverse  modulus  was  determined.  The  procedure  was  then  repeated  at 
liquid  nitrogen  temperature  (77  K)  and  in  liquid  helium  (4  K) . The  specimen 
was  stressed  to  failure  on  the  fourth  cycle  at  4 K.  The  failure  was  a valid 
fracture,  occurring  near  the  center  of  the  gage  length.  The  fracture  is 
illustrated  in  Figure  2. 

The  data  obtained  from  these  tests  are  illustrated  schematically  on 
Figure  3 and  is  summarized  on  Table  1.  The  latter  table  also  contains  initial 
ultimate  tensile  data  obtained  at  77  K on  another  specimen.  This  work  confirmed 
adequate  sensitivity  of  the  measurement  system.  As  is  usual  for  composite  specimens, 
the  initial  cycle  at  room  temperature  produced  a distinct  hysteresis  loop  which 
did  not  reappear  during  subsequent  cycling.  This  initial  hysteresis  is  conven- 
tionally attributed  to  isolated  failure  of  some  of  the  filaments,  perhaps  at 
filament  kinks. 

The  small  3 o values  associated  with  the  repeated  determinations  on 
Table  3 confirm  excellent  repeatability  of  the  test  system.  Unfortunately,  a 
lead  to  the  transverse  gage  became  disconnected  during  cooldown  to  4 K, 
preventing  calculation  of  the  Poisson's  ratio  for  this  temperature. 
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specified  in  ASTM  D 3039-71T  and  was  found  to  be  in  compliance  with  the  stated 
criteria.  At  the  same  time,  the  two  separate  strain  gage  balance,  amplification 
and  recording  systems  as  required  for  Poisson's  ratio  determination  were  checked 
out  and  proven  satisfactory. 

2.2  Acquisition  of  Initial  Data 

The  initial  run  was  made  using  a A-ply  5.6  mil  boron/epoxy  longitudinal 
specimen  from  supplier  A.  This  specimen  was  cycled  through  a portion  of  its 
elastic  region  three  times  at  room  temperature  (295  K)  and  the  longitudinal 
and  transverse  modulus  was  determined.  The  procedure  was  then  repeated  at 
liquid  nitrogen  temperature  (77  K)  and  in  liquid  helium  (A  K) . The  specimen 
was  stressed  to  failure  on  the  fourth  cycle  at  A K.  The  failure  was  a valid 
fracture,  occurring  near  the  center  of  the  gage  length.  The  fracture  is 
illustrated  in  Figure  2. 

The  data  obtained  from  these  tests  are  illustrated  schematically  on 
Figure  3 and  is  summarized  on  Table  1.  The  latter  table  also  contains  initial 
ultimate  tensile  data  obtained  at  77  K on  another  specimen.  This  work  confirmed 
adequate  sensitivity  of  the  measurement  system.  As  is  usual  for  composite  specimens, 
the  initial  cycle  at  room  temperature  produced  a distinct  hysteresis  loop  which 
did  n..-t  reappear  during  subsequent  cycling.  This  initial  hysteresis  is  conven- 
tionally attributed  to  isolated  failure  of  some  of  the  filaments,  perhaps  at 
filament  kinks. 

The  small  3 o values  associated  with  the  repeated  determinations  on 
Iable  J confirm  excellent  repeatability  of  the  test  system.  Unfortunately,  a 
lead  to  the  transverse  gage  became  disconnected  during  cooldown  to  A K, 
preventing  calculation  of  the  Poisson's  ratio  for  this  temperature. 
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The  273  KSI  ultimate  tensile  strength  measured  at  4 K and  the  256  KSI 
at  77  K in  the  present  work  is  somewhat  higher  than  the  average  literature 
values  presented  in  the  review  section  of  this  report.  However,  the  present 
experimental  results  are  reasonably  in  line  with  the  highest  literature  values 
since,  as  noted  in  the  review  text,  a 77  K value  of  226  KSI  was  reported  for  the 

(13) 

ultimate  tensile  strength  of  4.0  mil  boron/epoxy  by  Hertz,  et  al.  . A similar 
comparison  of  the  temperature  dependence  of  the  longitudinal  modulus  values  of 
Table  1 with  the  literature  averages  presented  in  the  review  show  the  present 
experimental  data  to  be  consistently  about  2 x 10  N • m (3  x .10  psi)  higher 
than  previously  reported. 

The  helium  consumption  of  about  15  liters  was  rather  high  during  this 
initial  test.  It  Is  expected  that  system  improvements  and  operating  experience 
will  significantly  reduce  the  quantity  required  per  test. 

TABLE  1 

INITIAL  CRYOGENIC  MECHANICAL  PROPERTY  DATA 
ON  4-PLY  5.6  MIL  UNIAXIAL  LONGITUDINAL  BORON/EPOXY 


Temperature 


Property 

295  K 

77  K 

4 K 

EtU 

hl 

9 -2 

10  N'  m 

238(1)* 

249(1) 

253(2) 

106  psi 

34.5(0.2) 

36.2(0.2) 

36.6(0.3) 

Y 

— 

0.236(0.003) 

0.256(0.030) 

— 

tu 

o 

Q _0 

10  N*  m 

— 

17.7 

18.8 

lo3  psi 

— 

256 

273 

tu 

e 

io"3 

— 

7.8 

7.4 

*0=30  values  for  successive  modulus  determinations  on  same  specimen. 
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This  S :ction  describes  the  rationale  for  selecting  the  materials  and 
describes  the  specific  composites  to  be  included  in  the  program.  The  rationale 
for  the  specific  testing  program  is  described  and  the  testing  matrix  is  illustrated 
Finally,  additional  desired  follow-up  work  is  described. 

3.1  Materials  Selection 

Composites  having  potential  use  in  superconducting  machinery  are  boron- 
reinforced  aluminum  and  boron-,  graphite-  glass-  and  Kevlar  49-reinforced 
epoxies.  The  characteristics  of  each  of  these  composite  classes  are  summarized 
on  Table  2. 

The  literature  reivew  indicated  that  composites  fabricated  directly  from 
commercial  ooron/aluminum  6061  alloy  "green"  tape  and  from  boron/epoxy  "prepreg" 
tape  will  have  excellent  strength  and  will  show  little  temperature  sensitivity  on 
cooling  to  cryogenic  temperatures.  These  materials  have  therefore  been  ordered 
as  state-of-the-art  commercial  composites. 

As  fabrication  of  boron/aluminum  composites  requires  specialized  equipment, 
this  material  has  been  ordered  fabricated  directly  to  the  desired  shape  from  a 
primary  supplier.  The  remaining  composites  have  been  ordered  from  a commercial 
job  shop  specializing  in  supplying  polymeric-matrix  structural  composite  components 
to  industry.  The  latter  materials  will  therefore  be  representative  of  commercial 
production.  The  boron/epoxy  composites  will  be  fabricated  from  commercial  3-inch 
wide  prepreg  tape.  However,  the  glass,  graphite  and  Kevlar  49  composites  will 
be  produced  with  a NASA  Resin  2 matrix,  as  the  latter  resin  has  been  specially 
developed  to  provide  increased  flexibility  at  cryogenic  temperatures. 

The  selected  composite  test  materials  are  listed  in  Table  3.  S-glass 
has  been  selected  as  it  is  the  most  common  type  used  in  high  strength  glass 


TABLE  2 


CHARACTERISTICS  OF  SELECTED  COMPOSITE  CLASSES 


Composite  Class 
Boron/Aluminum 


Boron/Epoxy 


Graphite/Epoxy 


Kevlar  49 /Epoxy 


Glass/Epoxy 


Characteristics 


High  strength,  high  modulus,  limited 
formability  of  finished  sheet,  high 
thermal  conductivity,  high  thermal 
contraction,  low  electrical  resistivity, 
high  cost 

High  strength,  high  modulus,  low  thermal 
conductivity,  low  thermal  contraction, 
high  electrical  resistivity,  high  cost 

Moderate  strength,  medium  modulus,  medium 
thermal  conductivity,  very  low  thermal 
expansion,  moderate  electrical  conductivity, 
moderate  cost 

Moderate  strength,  medium  modulus,  low 
thermal  conductivity,  high  thermal  ex- 
pansion, high  electrical  resistivity, 
low  cost 

Very  high  strength,  very  low  modulus, 
low  thermal  conductivity,  low  thermal 
contraction,  high  electrical  resistivity, 
low  cost 


TABLE 


composites.  Type  A (or  AS)  graphite  fiber  will  be  used  as  these  are 
relatively  low  cost  fibers  of  intermediate  strength  and  modulus  and  are 


well  characterized.  Boron  5.6  mil  diameter  has  been  selected  as  this  diameter 

fiber  is  currently  replacing  the  previously  used  4 mil  size. 

I 

3.2  Mechanical  Test  Matrix 

The  principle  underlying  the  mechanical  testing  program  is  to  provide 
a basic  static  mechanical  property  characterization  of  a uniaxial  lamella  of 
each  composite  type  at  4 K.  Characterization  will  also  be  undertaken  at  77  K 
and  295  K where  such  data  are  not  already  available.  Highest  priority  will 
be  placed  on  the  4 K characterization. 

From  the  stress-strain  curves  in  longitudinal  tension,  transverse  tension, 
longitudinal  compression,  transverse  compression  and  in-plane  shear,  the  elastic 
constants  E^,  ^22'  ^12  and  G12  determined  along  with  the  proportional 

limits  and  ultimate  strengths.  These  data  may  then  be  used  by  designers  to  make 
a limiting  static  strength  analysis  of  off-axis  laminates  made  from  the  composite 
of  each  basic  lamella.  This  approach  is  based  upon  modern  composite  strength 
theory  and  is  currently  extensively  used  in  the  aircraft  and  other  industries. 

The  test  matrix  of  Table  4 summarizes  the  test  series  required  to  obtain 
this  objective.  A minimum  of  five  valid  test  results  must  be  averaged  for 
each  parameter  variation  in  order  to  establish  the  required  confidence  levels. 
Priority  will  be  given  to  obtaining  longitudinal  and  transverse  tensile  and 
in-plane  shear  data  at  4 K,  as  these  data  by  themselves  suffice  for  design 
approximations  if  it  is  assumed  that  the  compressive  strengths  are  equal  to 
those  in  tension.  As  the  compressive  strengths  are  in  fact  superior  to  those 
in  tension,  this  assumption  leads  to  a very  conservative  limiting  static 


TABLE  4 


MECHANICAL  CHARACTERIZATION  TEST  MATRIX 


Legend: 

BFRP  - boron  fiber  reinforced  plastic 

BFRM  - boron  fiber  reinforced  metal 

GFRP  - glass  fiber  reinforced  plastic 

CFRP  - carbon  fiber  reinforced  plastic 

K49RP  - Kevlar  49  reinforced  plastic 

Composite  Test 

Type  Type 


TT  - transverse  tension 

LT  - longitudinal  tension 

TC  - transverse  compression 

LC  - longitudinal  compression 

S - in-plane  (intralaminar)  shear 

Temperature  and  Number  of  Specimens 
295  K 77  K 4 K 


BFRP(1^ 

LT 

5 

5 

5 

H 

TT 

5 

5 

5 

M 

LC 

5 

5 

5 

M 

TC 

5 

5 

5 

bfrm1 (2) 3 4 

S 

LT 

5 

5 

5 

5 

5 

5 

II 

TT 

5 

5 

5 

II 

LC 

5 

5 

5 

II 

TC 

5 

5 

r 

II 

(3) 

CFRPV  ' 

S 

LT 

5 

5 

5 

5 

5 

5 

ii 

TT 

5 

5 

5 

ii 

LC 

5 

5 

> 

ii 

TC 

5 

5 

> 

it 

S 

5 

5 

'> 

K49RP 

LT 

5 

5 

5 

11 

TT 

5 

5 

5 

II 

LC 

5 

5 

5 

II 

TC 

5 

5 

3 

It 

gfrp(5) 

S 

LT 

5 

5 

5 

5 

r, 

II 

TT 

5 

5 

II 

LC 

5 

5 

II 

TC 

5 

5 

, 

II 

S 

5 

5 

(1)  5.6  mil  commercial  boron/epoxy 

(2)  5.6  mil  commercial  boron/ 6061  aluminum 

(3)  Type  A (or  AS)  graphite/NASA  Resin  2 

(4)  Kevlar  49/NASA  Resin  2 

(5)  S-901  glass/NASA  Resin  2 


strength  prediction  and  probable  overdesign  of  components.  Consequently, 


the  next  priority  will  be  given  to  obtaining  valid  compressive  strength  data 


at  4 K.  Following  this  work,  the  static  property  data  at  77  K and  295  K will 


be  obtained,  the  latter  data  being  useful  in  designing  components  exposed  to  a 


range  of  temperature. 


In  addition  to  the  defined  4 K characterization  studies,  a few  ad  hoc 


tests  will  be  performed  to  obtain  preliminary  data  on  the  extent  to  which  the 


strength  and  modulus  of  these  composites  may  become  degraded  by  repeated 


thermal  cycling  (thermal  fatigue)  over  the  295  K-4  K temperature  range. 


3.3  Provisions  for  Additional  Characterization 


Sufficient  material  is  being  obtained  in  each  composite  type  to  permit 


thermal  characterization  of  the  materials  as  needed  to  verify  existing  uata 


and  to  extend  existing  data  to  4 K.  Such  characterization  includes  dimenst  -nal 


changes  on  cooling  and  the  temperature  dependence  of  thermal  conductivity. 


Additionally,  sufficient  mate  s being  obtained  to  facilitate  a 


study  of  the  feasibility  of  using  dy  iamic  methods  of  determining  the  significant 


engineering  elastic  constants  in  lieu  of  the  conventional  mechanical  method. 


Direct  comparison  of  values  obtained  by  each  method  on  the  same  composite  will 


be  possible.  The  dynamic  modulus  will  be  investigated  by  both  the  pulse-echo 


and  the  resonance  methods. 


4.  Future  Work  Requirements 


Aside  from  the  ad  hoc  thermal  fatigue  tests  mentioned  above,  the  present 


Drogram  is  confined  to  characterizing  static  mechanical  properties.  Performain  i 


of  composites  under  dynamic  loading  conditions  at  cry  »genic  temperatures  also 


must  be  determined  before  such  materials  can  be  used  with  confidence  in  rotating 


components  of  superconducting  machinery.  Unfortunately,  dynamic  fatigue  testing 


f 


at  cryogenic  temperatures  is  exceedingly  expensive.  Equipment  must  be  tied 
up  for  a long  time,  the  cryogen  consumption  is  high  and  the  anisotropic  nature 
of  composites  requires  analysis  of  several  fiber  orientations.  Cryogenic 
fatigue  testing  must  therefore  be  confined  to  those  composites  appearing  most 
applicable  for  specific  superconducting  machinery  components  and  such  test? 
mist  be  carefully  planned  to  produce  the  maximum  amount  of  useful  data. 
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MECHANICAL  AND  THERMAL  PROPERTIES  OF  F I LAMENT ARY - 
REINFORCED  STRUCTURAL  COMPOSITES  AT  CRYOGENIC 
TEMPERATURES -I I r Advanced  Composites 


Maurice  B.  Kasen 

Cryogenics  Division,  NBS-Institute 
for  Basic  Standards 
noulder,  Colorado  80302 

ABSTRACT 

Thic  article  is  an  extensive  review  of  the  literature  on  the  mechanical 
and  thermal  properties  of  advanced-fiber  reinforced  structural  composites  at 
cryogenic  temperatures.  The  objective  is  to  provide  an  understanding  of  the 
general  magnitude  of  the  property  values  obtainable  within  the  cryogenic  tem- 
perature range,  to  provide  a feel  for  the  general  ranking  of  various  specific 
composite  types  with  regard  to  specific  properties,  and  to  impart  an  under- 
standing of  the  temperature  dependence  of  the  property  of  interest.  A com- 
prehensive Bibliography  and  Bibliography-Property  Cross-Reference  is  included. 

This  is  Part  II  of  a two-part  series.  Part  I considered  glass-reinforced 
composites. 


This  research  was  supported  by  the  Advanced  Research 
Projects  Agency  of  the  Department  of  Defense  under 
ARPA  Order  No.  2569. 
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SYMBOL  NOMENCLATURE 


The  following  symbol  nomenclature  is  used  in  this  report 


0tu  . 

tensile  ultimate  strength 

oty  - 

tensile  yield  strength 

EJ  - 

Initial  tensile  modulus 

E2  - 

secondary  tensile  modulus 

etu  - 

tensile  ultimate  strain 

tu 

n 

tensile  fatigue  failure  stress 

ofu  - 

flexural  ultimate  strength 

Elf  - 

initial  flexural  modulus 

E2  * 

secondary  flexural  modulus 

ocu  - 

compressive  ultimate  strength 

EC  - 

compressive  modulus 

0Sl  - 

interlaminar  shear  strength 

0by  - 

bearing  yield  strength 

obu  - 

bearing  ultimate  strength 

o1 

impact  strength 

X 

thermal  conductivity 

AL/L  - 

thermal  contraction 

C 

P 

specific  heat 

P 

density 

psi  - 

pounds  per  square  inch 

KSI  - 

psi  x 10^ 

CM 

B 

• 

Z 

- Newtons  per  meter  squared  (Pascal) 

J • K -1K" 
g 

1 - Joules  per  kilogram  - Kelvin 

W • m_1K_1 

- Watts  per  meter-Kelvin 

\Z3< 
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INTRODUCTION 


The  objectives  of  this  review  are  fourfold:  a)  to  provide  the  designer 
with  a feel  for  the  general  magnitude  of  property  values  that  may  reasonably 
be  expected  from  a given  category  and  class*  of  composites  within  the  cryogenic 
range,  b)  to  provide  him  with  a feel  for  the  ranking  of  specific  composite 
classes  with  regard  to  a specific  property,  c)  to  impart  a feel  for  whether 
the  property  of  ix.terest  is  likely  to  increase,  remain  unaffected,  or  decrease 
with  lowering  of  temperature,  and  d)  to  define  those  areas  in  which  additional 
data  are  needed  and  to  define  the  direction  that  future  work  should  take  in  this 
area.  Readers  with  more  specific  interests  are  referred  to  the  Bibliography  and 
Bibliography-Property  Cross-Reference  for  retrieval  of  specific  documents.  The 
Bibliography  in  this  report  is  similar  to  that  in  Part  I and  includes  references 
to  both  the  glass-  and  advanced-fiber  reinforced  composite  literature.  The  scope 
of  the  literature  survey  has  already  been  described  in  Part  I. 

Severa  differences  will  be  noted  between  the  presentation  of  the  data 
in  this  work  and  in  Part  I.  First,  because  of  the  wide  variation  in  properties 
among  the  advanced  fibers  (and,  therefore,  among  the  composites  in  which  they 
are  used),  separate  data  are  presented  on  each  specific  reinforcement  type. 
Secondly,  as  no  data  were  available  on  woven-cloth  advanced-fiber  composites 
at  cryogenic  temperatures,  present  data  are  restricted  to  uniaxial-transverse 
layups.  Finally,  the  overwhelming  majority  of  the  data  for  advanced  composite 
polymeric  systems  are  reported  for  epoxy  matrices,  in  contrast  to  the  variety 
of  matrix  types  reported  for  glass-reinforced  systems. 


We  define  a composite  category  by  the  general  reinforcement  type,  e.g.,  glass- 
fiber  or  advanced  fiber  (graphite,  boron,  etc.).  We  subdivide  the  category  into 
composite  classes  by  the  general  matrix  type,  e.g.,  glass/polyecter  or  graphite/ 
epoxy.  We  further  subdivide  the  class  by  referring  to  a composite  type  when  a 
specific  reinforcement/matrix  combination  is  specified,  e.g.,  HT-S/X-904  epoxy. 
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In  other  respects,  the  data  presentation  follows  that  used  in  Part  1,  i.e., 
literature  property  values  are  presented  in  graphical  form  as  a function  of  tem- 
peratures at  295  K,  200  K,  77  K,  20  K and  4 K.  The  absence  of  a data  point  for 
a given  temperature  indicates  failure  to  find  significant  data.  References  are 
given  for  each  plotted  curve. 

The  reader  is  cautioned  that  curves  presenting  data  averaged  from  several 
sources  may  have  a considerable  scatter  band  associated  with  them.  We  discuss 
the  range  of  values  associated  with  such  curves  and  emphasize  those  specific  types 
for  which  the  best  values  were  reported. 

The  author  has  attempted  to  make  this  review  as  comprehensive  as  possible. 
Nevertheless,  the  complexity  of  the  subject  makes  it  unavoidable  that  some  data 
worthy  of  inclusion  have  been  inadvertently  overlooked.  The  author  would  appreciate 
having  such  omissions  brought  to  his  attention.  The  author  also  wishes  to  empha- 
size tliat  the  data  presented  in  the  review  reflect  the  published  results  of  the 
cited  authors.  These  data  have  not  been  exper imentaliy  verified  by  NBS,  and  the 
conclusions  and  evaluations  presented  herein  do  not  imply  approval,  endorsement, 
or  recommendation  of  any  commercial  product  by  NBS. 

Ln  considering  the  mechanical  property  data,  the  reader  should  be  aware  'hat 
there  exists  no  universally  accepted  method  of  determining  most  of  these  properties. 
!t  is  often  difficult  to  obtain  valid  uniaxial  longitudinal  tensile  fractures 
because  of  the  difficulty  of  transferring  the  load  from  flat  specimen  grips  into 
the  fibers  of  the  specimen.  Failure  within  or  adjacent  to  the  grips  is  not  un- 
common. This  problem  is  particularly  acute  when  testing  CFRP  materials  due  to 
t tie  small  fiber  diameter.  Problems  also  arise  in  uniaxial  longitudinal  compres- 
sion testing  where  an  unsupported  specimen  may  fail  by  "brooming"  of  its  ends 
or  by  column  buckling.  However,  such  premature  failures  result  in  property 
values  lower  than  the  true  values  and  tend  to  bias  the  data  accordingly. 
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The  reader  should  also  be  aware  that  the  discussion  of  properties  of  the 
composites  included  in  this  review  does  not  take  into  consideration  the  effect 
of  variations  in  fiber/resin  content  of  specific  types  of  composites  and  test 
specimens,  as  this  characteristic  was  not  reported  for  all  referenced  works. 
Composite  properties  may  be  strongly  influenced  hy  this  ratio.  The  property 
data  discussed  in  this  paper  reflect  actual  values  and  trends  reported  for 
specific  composites.  Controlled  variations  in  many  of  the  properties  are  ob- 
tainable in  practice  by  specific  variation  of  the  fiber  content  of  the  comp  -sites 

Finally,  the  reader  should  be  aware  that  composite  technology  is  develop!  ig 
so  rapidly  that  some  of  the  data  presented  in  this  review  may  not  reflect  the 
current  state  of  the  art.  New  reinforcing  fibers,  improved  composite  fabrication 
techniques  and  refined  test  methods  will  very  likely  result  in  overall  improve- 
ment in  both  the  level  and  the  consistency  of  composite  mechanical  properties. 

For  the  reader  unfamiliar  with  the  development  of  advanced  composite 
technology,  it  will  be  useful  to  establish  a perspective  on  the  field.  The  two 
primary  reinforcement  systems  are  boron  filaments  produced  by  vapor  deposition 
of  boron  on  a very  fine  tungsten  wire  substrate  and  graphite  fiber  produced 
by  graphitization  (pyrolysis)  of  an  organic  precursor  fiber.  Additionally, 
a proprietary  organic  fiber  called  Kevlar  49*  is  currently  receiving  attention. 

The  boron  filaments  are  normally  produced  to  4 mil  diameter,  although  5.6  mil 
diameter  filaments  are  also  coming  into  use.  Boron  fibe-  coated  with  a thin 
layer  of  silicon  carbide  is  produced  under  the  trade  name  of  Borsic*  and  is 
reported  to  have  improved  interfacial  bonding  to  certain  matrix  types.  The 
graphite  fiber  field  is  much  more  complex,  as  it  is  not  only  possible  to  produce 


The  use  in  this  paper  of  trade  names  of  specific  products  is  essential  to  the 
proper  understanding  of  the  work  presented.  Their  use  in  no  way  implies  approval, 
endorsement  or  recommendation  by  NBS. 


such  fibers  from  different  precursor  materials,*  but  it  is  also  possible  to 
vary  the  production  process  to  produce  fibers  differing  greatly  in  modulus 
and  strength.  As  the  properties  obtainable  with  graphite  reinforcement  may 
approach  those  with  boron  reinforcement  at  a somewhat  lower  cost,  development 
of  graphite  fibers  has  proceeded  at  a very  rapid  rate  until  t.'day  the  user  is 

. i 

confronted  with  an  abundance  of  fiber  choices,  many  of  which  are  not  well 
characterized  and  many  of  which  will  disappear  to  be  replaced  by  newer  types. 

At  the  present  time,  the  potential  user  of  these  materials  would  be  wise  to 
restrict  his  interest  to  those  types  whose  behavior  is  reasonably  well  known, 
barring  compelling  reasons  for  doing  otherwise. 

Graphite  fibers  may  be  produced  with  elastic  moduli  varying  from  25-75  x 
10^  psi  (17-50  x 10^  Pa),  with  strengths  varying  inversely  to  moduli.  In  the 
present  report,  these  fibers  are  classified  according  to  low,  medium  or  high 
modulus,  the  differentiation  being  <40,  40-60  and  > 60  x 10^  psi,  respectively. 

As  composites  are  frequently  used  where  weight  is  critical  or  where  high 
specific  strengths  are  required,  typical  composite  densities  have  been  summarized 
in  Table  1. 


STATIC  MECHANICAL  PROPERTIES 

For  most  mechanical  properties,  the  data  for  the  CFPP  composites  has  been 
separated  from  those  of  the  other  advanced  composites.  This  reflects  the  larger 
amount  of  available  data  on  CFRP  materials  and  the  large  variety  of  graphite 
fibers  for  which  data  have  been  published. 
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room  temperature  into  the  cryogenic  temperature  range  for  the  uniaxial  longitudinal 


and  uniaxial  transverse  orientations.  A surprisingly  large  amount  of  data  were 
found  in  the  literature  for  CFRP  materials~58  separate  reports  of  test  data, 
each  report  being  the  average  of  several  tests  on  a given  composite.  Undoubtedly, 
this  large  effort  reflects  the  desire  to  exploit  the  relatively  low  cost  of 
graphite  fibers.  Unfortunately,  the  available  data  summarized  on  Figure  1 
indicate  that  CFRP  composites  suffer  significant  strength  losses  upon  cooling 
to  77  K and,  as  was  observed  with  the  glass- reinforced  materials  in  Part  I,  the 
strength  behavior  below  77  K appears  to  become  erratic. 

Figure  1(a)  indicates  that  the  uniaxial  tensile  strength  obtainable  in  CFRP 

composites  is  about  30%  of  that  obtainable  with  glass-fiber  reinforcement  in 

the  cryogenic  range.  The  ultimate  tensile  strength  of  composites  tested  in 

the  uniaxial  longitudinal  mode  should  be  fiber  controlled;  hence,  it  would  be 

expected  that  the  tensile  strengths  would  inversely  follow  the  modulus  of  the 

fiber.  This  trend  is  not  reflected  in  the  data  of  Figure  1(a)  — indeed,  the 

averaged  data  indicate  the  converse,  higher  strengths  are  associated  with 

higher  modulus  fibers  and  lower  strengths  with  lower  modulus  fibers.  However, 

a more  detailed  examination  of  the  data  averaged  into  these  curves  shows  that 

the  expected  correlation  does  exist  if  one  considers  only  the  highest  values 

reported  for  each  modulus  range.  Thus,  the  highest  overall  ultimate  strength 

13 

at  77  K was  147  KSI  reported  for  the  low-modulus  HT-S  fiber  in  X-904  resin, 
the  next  highest  was  130  KSI  reported  for  HMG— 50  in  an  ERLB  polyblend, 

g 

for  Modmor  I and  for  Samco  360  in  modified  ERL  2256,  all  medium  modulus 
fibers,  while  126  KSI  was  the  maximum  reported  for  the  high-modulus  Thomel 
75  fiber  in  ERLB  4617?1  This  suggests  that  the  higher  strengths  associated 
with  the  lower  modulus  fibers  may  have  been  lost  in  the  averaging  process  due 
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to  variations  in  composite  quality  or  perhaps  due  to  difficulties  in  obtaining 
valid  tensile  fractures.  The  la. ter  is  a prime  possibility,  as  It  is  particularly 
difficult  to  obtain  valid  tensile  fractures  in  uniaxial  CFRP  specimens  loaded  in 
the  fiber  direction.  Additional  evidence  that  the  test  method  is  affecting  the 
results  Is  found  in  the  work  of  Simon  and  Larsen10  who  report  almost  dlamet  r lea  l I v 
opposite  temperature  dependence  of  the  ultimate  tensile  strength  in  Hl-S  rili.loimi 
NASA  lies  in  2*  and  in  an  HT-S  reinforced  46 1 7 polyblend  when  each  was  tested  lirsl 
as  flat  tensile  coupons  and  subsequently  as  NOL  (Naval  Ordnance  Laboratory)  ring 
spec imens. 

The  uniaxial  longitudinal  tensile  strength  data  for  other  types  of  advanced 
composites  are  presented  in  Figure  2(a).  The  data  for  PRO  49/epoxy,  boron/epoxy, 
boron  (Hors  ie)  / a lumlnum,  **  stainless  steel  /aluminum  and  the  hybrid  llorsic- 
s tee  1 /aluminum  and  Bors it- tl tan ium/a lumlnum  composites  all  have  higher  absolute 
values  of  tensile  strength  and  retain  their  strength  to  lower  temperatures  than 
do  the  CFRP  composites.  The  hybrid  Bors lc-steel /a lumlnum  composite  contained 
,t.2  mil  Bors  lc  fibers  In  the  tensile  direction  of  6061  aluminum  and  stainless 
wires  in  the  transverse  direction.13  The  hybrid  Bors ic-t i tanium/alumlnum 
composite  contained  4.2  mil  Borslc  fibers  in  the  tensile  direction  with  |*-TH 
foil  Interleaved  between  the  boron  lamellae.13  The  latter  composites  are  there- 
I ore  not  strictly  uniaxial;  however,  they  have  been  included  to  IllustraU  tin 
interesting  possibilities  of  hybrids.  Of  the  two  remaining  uniaxial  eomposlt  . 
the  HT-S/poly Imide  (Skybond  703)  material  displayed  a comparatively  low  strength 
and  showed  a significant  decrease  of  strength  upon  cooling.  Conversely,  a very 


* An r epoxy 
Mol  ho  and 
20/ l pbw. 


; In  formulation  optimized  for  cryogenic  service  by  Suffer 'and 
astlng  of  F.pon  828/DSA/EMPOL  1040/BPMA  In  proportions  100/11  >•  / 


**  Data  for  Borlsc  and  boron  fiber  composites  have  been  combined  except  who 
<111  fe  rent  es  in  reported  values  justified  separating  the  data. 
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sharp  rise  in  strength  on  cooling  was  reported  for,  the  HT-S/epoxy-phenolic 
(HT-424  Primer),  but  its  overall  strength  was  not  high. 

The  stainless  steel  reinforced  composite  contained  NS-355  stainless  wires 
in  a 2024  aluminum  alloy  matrix.  This  type  of  composite  is  available  commercially 
on  special  order;  however,  it  has  not  received  wide  acceptance  in  view  of  the 
wider  availability  of  boron  reinforced  aluminum  which  has  similar  strength 
properties. 

Boron/aluminum  composites  are  available  commercially  with  either  4 mil  or 

5.6  mil  boron  or  Borsic  reinfoicement.  The  literature  values  on  the  uniaxial 

tensile  strength  at  77  K ranged  from  163-202  KSI,  with  highest  values  reported 

13 

for  5.6  mil  Borsic/6061.  Data  were  not  available  for  any  other  aluminum  alloy 

®^^iX'  Boron/epoxy  composites  have  been  developed  to  an  even  higher  degree 

and  are  commercially  available  in  the  form  of  prepreg  tape,  i.e. , with  the 

plastic  matrix  partially  cured  to  facilitate  component  fabrication  and  to 

improve  composite  quality.  The  literature  values  for  boron/epoxy  composites 

tested  in  the  longitudinal  direction  at  77  K varied  from  167-226  KSI,  the  highest 

value  being  reported  for  the  comnercial  SP-272  product33 

PRD  49  (Kevlar  49)  is  a relatively  new  type  of  organic  fiber.  Present 

data  indicate  tuat  this  fiber  in  an  epoxy  matrix  is  capable  of  developing  tensile 

strengths  comparable  to  that  developed  with  graphite  fibers  at  cryogenic  tem- 
59 

peratures.  Hoggatt  reports  NOL  ring  ultimate  strengths  of  146  KSI  for  PRD  49-1 
in  a NASA  Resin  2 matrix  and  183  KSI  in  an  ERLB  4617  matrix  at  20  K.  There 
is  some  evidence  of  a slight  decrease  in  strength  on  cooling  to  77  K;  however, 
available  data  indicate  that  the  ultimate  tensile  strength  of  this  material  is 
elatively  independent  of  temperature  within  the  cryogenic  range. 

The  hybrids  Borsic-stee 1/aluminum  and  Borsic- titanium/aluminum  complete 
the  group  of  advanced  composites  that  have  reasonably  high  strength  in  uniaxial 
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tension.  The  lower  strength  of  these  hybrids  compared  to  the  conventional 
boron/aluminum  composite  reflects  the  reduced  density  of  boron  fibers  in  the 
direction  of  loading. 

In  uniaxial  transverse  tension.  Figure  2(b)  shows  the  hybrid  Borsic- 
titanium/aluminum  composite  to  have  higher  strength  than  the  conventional 
boron/alum irum  type,  which  is  precisely  the  reason  for  creation  of  the  hybrid. 

In  this  case,  the  benefit  of  the  interleaved  titanium  foil  increases  the  transverse 
tensile  strength  at  295  K and  200  K;  however,  the  effect  appears  to  diminish 
rapidly  as  the  material  is  cooled  to  77  K.  While  the  transverse  strength  of  the 
boron/epoxy  composite  is  much  lower  than  that  of  the  metal-matrix  materials; 

values  are  still  in  excess  of  those  developed  with  the  graphite  fiber  reinforce- 
ment. 

The  literature  reported  a transverse  ultimate  strength  of  14.2  KSI  for  4.2 


■I  n 

mil  Borsic/6061  aluminum  and  a somewhat  higher  value  of  24.9  KSI  for  5.6  mil 
.13 


boron  reinforcement,  all  at  77  K.  It  is  probable  that  this  strength  difference 
is  real;  however,  available  data  also  indicate  that  the  observed  difference  may 
be  due  to  residual  stresses  inherent  in  the  small  diameter  fiber  rather  than 
to  the  presence  or  absence  of  a silicon  carbide  coating.  The  reader  is  referred 
to  the  section  on  ultimate  tensile  strain  for  further  discussion  of  this  subject. 


Composite  Tensile  Modulus 

The  primary  reason  for  development  of  advanced  conposites  is  the  high 
modulus  obtainable  with  the  newer  types  of  fiber  reinforcement.  In  contrast 


to  a maximum  of  about  one  million  for  glass- reinforced  composites  in  the  fiber 

6 


direction,  Figures  3(a)  and  4(a)  show  that  moduli  ranging  from  30-40  x 10 
psi  are  obtainable  with  several  of  the  advanced  fiber  composites.  Thus,  while 
glass- rein forced  composites  may  at  their  best  equal  the  modulus  of  aluminum, 
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the  modulus  of  composites  using  advanced  fibers  may  equal  and  often  exceed 
that  of  steel. 


Looking  first  at  the  graphite /epoxy  composites.  Figure  3(a)  shows  that 
the  modulus  of  the  composite  does,  on  the  average,  reflect  the  modulus  of  the 
fiber  when  tested  in  the  uniaxial  longitudinal  mode.  The  available  data  indicate 
that  the  modulus  of  the  Thornel  75  composite  (the  only  representative  of  the 
high-modulus  fibers)  declines  to  about  that  of  the  medium  modulus  fibers  at 
77  K.  With  this  exception,  the  averaged  data  indicate  that  the  moduli  in  the 
fiber  direction  slightly  increases  on  cooling  to  77  K.  No  correlation  is 
observed  between  fiber  modulus  and  transverse  composite  moduli  in  Figure  3(b); 
indeed,  none  is  expected,  as  the  latter  is  controlled  by  the  properties  of  the 
matrix  and  by  the  fiber-matrix  interfacial  bond  strength. 

A comparison  of  Figures  3(b)  and  4(b)  shows  that  the  uniaxial  transverse 
tensile  moduli  of  graphite/epoxv  composites  is  much  lower  than  that  developed 
by  the  other  advanced  composites  over  the  entire  cryogenic  temperature  range. 

A closer  look  at  the  literature  data  from  which  Figure  3(a)  was  prepared 
revealed  that  among  the  medium  modulus  fibers,  the  modulus  at  77  K was  a re- 
spectable 39-43  x 10  psi  for  Samco  360,  the  highest  value  being  reported  with 
a modified  ERL  2256  resin?  (Note  that  these  same  fibers  developed  excellent 
uniaxial  tensile  strengths.)  A distinctly  lower  range  of  26-33  x 10^  psi  was 

reported  for  Thorne  . 50,  highest  values  being  reported  for  a modified  ERL  2256 
. 8 

composite.  Amir.g  the  low-modulus  fibers,  HT-S  (the  most  tested  fiber)  produced 
15-10  x 106  psi,  highest  value  being  reported  with  X-904  resin]-3  while 
17-22  x 106  psi  was  the  reported  range  for  HMG-25,  the  highest  values  being 
obtained  in  a NASA  Resin  2 matrix? 
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As  the  transverse  modulus  properties  are  matrix  dominated,  Figure  3(b) 
shows  significant  differences  for  HT-S  fiber  in  different  epoxies.  The 
data  illustrated  are  for  the  same  composites  as  appear  in  Figure  1(h).  Here, 
the  lower  moduli  of  the  HT-S/NASA  Resin  2 and  the  HT-S/4617  polyblend  are  due 
to  the  additions  of  flexibilizers  and  elastomers  to  the  epoxy  resin  while  the 
highest  modulus  was  developed  with  the  conventional  X-904  matrix.  In  general, 
the  transverse  modulus  increases  with  decreasing  temperature.  A lower  modulus 
value  was  reported  for  the  high-modulus  Thorne  1 75  fiber  in  ERLB  4617  than 
for  HT-S/X-904. 

Leaving  the  graphite- reinforced  composites  and  turning  to  those  reinforced 
with  other  advanced  fibers,  we  observe  on  Figure  4(a)  that  the  uniaxial  longi- 
tudinal moduli  reported  for  the  boron/epoxy,  the  boron/aluminum  and  the  hybrid 
Borsic-titanium/aluminum  and  Borsic- s tee  1/ aluminum  composites  all  cluster 
around  30-35  x 10&  psi,  with  little  temperature  dependence.  The  PRD  49/epoxy 
ti.  lulus  is  reported  to  be  significantly  lower,  at  16-18  x 10^  psi,  but  under- 
go,..^ a significant  rise  between  77  K and  20  K.  In  general,  these  uniaxial- 
longitudinal  moduli  values  compare  favorable  with  those  of  the  graphite-epoxies. 
The  uniaxial  transverse  moduli  are  another  matter.  As  seen  in  Figure  4(b), 
the  transverse  moduli  of  the  aluminum- matrix  materials  are  far  higher  than 
those  of  the  graphite/epoxies  and  are,  in  fact,  almost  twice  as  high  as  that 
of  unreinforced  6061  aluminum.  The  transverse  moduli  of  the  bcron/epoxy  is 
much  'owcr  than  that  for  the  same  fiber  in  an  aluminum  matrix  but  is  still 
almost  twice  that  of  the  graphite/epoxy  materials.  These  data  reflect  the 
contribution  made  by  fiber-matrix  interface  to  the  transverse  modulus. 

Looking  in  more  detail  at  the  uniaxial  longitudinal  data,  we  find  that  the 
boron ( Borsic) /aluminum  data  ranged  from  30.4-36.2  x 10^  psi  wi^h  little  tem- 
perature dependence.  These  data  combine  values  obtained  from  fibers  of  4 mil 
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and  5.6  mil  in  the  two  production  variants,  as  no  significant  difference 
was  reported  for  these  materials.  The  boron/epoxy  represents  average 
data  reported  by  Nadler,  et  al.  on  SP — 27.1  and  Narmco  5505  (data  rang 
not  available).  The  hybrids,  Borsic-titcnium/aluminum  and  Borsic-steel/ 
aluminum  were  the  same  composites  discussed  in  reference  to  the  tensile  data 
of  Figure  2(a).  ’he  slightly  lower  uniaxial  tensile  modulus  of  the  hybrids 
compared  to  that  of  the  conventional  bcron/aluminum  reflects  the  lower  density 
of  fibers  in  the  stress  direction. 

The  PRD  49  data  reflect  input  from  both  an  ERLB  4617  and  a NASA  Resin 
2 matrix^’**0  The  ERLB  4617  composite*  produced  a slightly  increased  tensile 
modulus  at  all  temperatures,  its  value  being  18.5  x 106  psi  at  77  K compared 
to  17.5  x 106  psi  for  the  NASA  Resin  2.  The  large  rise  in  modulus  between 
77  K and  20  K was  reported  for  both  matrices. 

Considering  the  transverse  data  of  Figure  4(b)  in  more  detail,  we  observe 

that  the  three  aluminum  matrix  composites  have  similar  moduli,  about  20  x 10  psi. 

The  boron/aluminum  data  was  again  the  average  of  data  obtained  from  4.2  mil 

Bor  sic  and  5.6  mil  boron,  simila1'  values  being  reported  for  each  variant.  The 

boron/epoxy  data  of  Figure  4(b)  again  reflect  the  average  values  obtained 

. , 81 

from  the  commercial  SP-272  and  Narmco  5505  materials. 

Compo site  Flexural  Strength  and  Modulus 

Less  data  were  available  on  the  temperature  dependence  of  the  flexural  strength 
and  elastic  modulus  than  fur  tensile  properties — f urthermore , most  of  that 
available  was  reported  for  graphite/epoxy  composites.  Figure  5 summarizes 
the  flexural  strength  data  for  the  latter,  while  Figure  6 summarizes  the 
available  uata  for  other  types  of  reinforcements  or  matrices.  The  minimal 
available  data  on  flexural  modulus  properties  appear  in  Figure  7. 
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Comparison  of  Figure  5 with  Figure  1 shows  that  the  graphite/epoxy  flexural 

strength  data  spans  a much  greater  range  of  values  than  does  the  tensile 

strength  in  both  the  longitudinal  and  transverse  directions.  The  expected 

higher  strength  of  the  lower  modulus  fibers  is  more  in  evidence  for  the 

flexural  test  than  it  was  for  the  tensile  test  mode. 

By  far  the  largest  amount  of  data  were  available  for  HT-S/epoxy 

composites;  furthermore,  such  composites  had  the  highest  reported  longitudinal 

flexural  strength  of  all  the  CFRP  materials  for  which  data  were  available. 

Strengths  were  reported  over  a 113-234  KSI  range  at  77  K.  This  is  significantly 

lower  than  the  325-470  KSI  range  reported  for  uniaxial  glass-epoxies  in  Part  I. 

These  data  included  test  series  designed  to  inve  gate  cure  cycles,  aging 

12  13  S8 

effects  and  environmental  effects.  ’ ’ Most  of  the  work  was  dore  with 

F.-J50,  X-915  or  X-904  matrices  for  which  the  average  flexural  strengths 

at  7 K were  reported  to  be  very  similar,  varying  only  from  167  tc  178  KSl}J 

It  is  beyond  the  scope  of  the  present  paper  to  discuss  in  deti.il  the  effect 

of  composite  processing  procedures  on  the  resultant  mechanical  properties. 

Nevertheless,  the  available  data  on  the  HT-S  fiber  composites  remind 

us  that  processing  variables  are  important;  in  particular,  those  variables 

that  affect  the  void  content.  Detailed  examination  of  the  data  shows  that  in 

84  of  the  89  reported  test  series,  the  flexural  strength  of  composites  made 

with  HT-S  fiber  declined  markedly  on  cooling  to  77  K.  Ihe  five  series 

for  which  strength  increases  were  noted  were  reported  by  Maximovich, 

12 

et  al.  to  have  occurred  concomitant  with  a change  to  a vacuum  ’ agging 
method  of  fabrication.  This  suggests  that  at  least  a part  of  the  observed 
drop  in  flexural  strength  on  cooling  may  be  due  to  the  presence  of  voids 
in  the  composites. 


Continuing  on  with  the  other  fibers,  we  observe  on  Figure  5(a)  that 
the  order  of  decreasing  strength  is  Modmor  II,  GY-70,  and  Fibralloy  300, 
arriving  finally  at  a group  conyrising  the  lowest  strengths  and  consisting 
of  Courtaulds  HM,  HMG-25  and  Thomel  50  fibers.  The  flexure  strength 
of  this  latter  group  is  only  about  1/3  that  of  the  HT-S  fiber  composites. 

Among  these  other  fibers,  most  data  were  available  for  the  high-modulus 
GY-70,  for  which  the  spread  of  values  at  77  K was  85-133  KSI,  the  highest 
being  reported  in  X-904  epoxy  resin.13 

The  clear  separation  between  the  transverse  flexural  strengths  of  the 

t 

low-modulus  HT-S  composites  and  the  high-modulus  GY-70  composites  in 
Figure  5(b)  suggests  that  there  are  differences  in  the  fiber-matrix  bond 
strength  between  these  two  fiber  types,  the  high-modulus  fiber  having  the 

poorer  bonding.  Note  that  X-904  and  1004  epoxies  were  used  with  both  fiber 
types . 

Before  leaving  the  data  of  Figure  5,  it  is  of  interest  to  consider  whether 
or  not  the  literature  data  supports  the  contention  that  the  relatively  inexpensive 
flexure  test  may  be  used  to  obtain  comparative  ranking  of  composite  strength 
in  lieu  of  the  more  expensive  tensile  test.  A visual  comparison  of  the  data 
on  Figure  5(a)  with  that  of  Figure  1(a)  is  hardly  convincing;  however, 
such  a comparison  is  nebulous  because  these  graphs  present  data  from  different 
composite  types.  To  clarify  this  question,  the  literature  data  were  examined 
more  closely  and  a comparison  of  ranking  of  strength  in  longitudinal  tension 
versus  longitudinal  flexure  was  made  at  77  K for  eight  specific  composite 
types  (same  fiber  and  matrix)  for  which  data  were  available.  The  result  is 
summarized  in  Table  2,  and  suggests  that  the  flexure  test  results  are  indeed 
not  a very  good  measure  of  the  relative  tensile  strengths  of  graphite/epoxy 
composites  at  77  K.  Insufficient  data  existed  for  comparisons  with  other 
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mechanical  properties;  however,  the  good  performance  of  the  HT-S  fiber 
composites  in  interlaminar  shear  (Figure  11)  suggests  that  the  flexural  test 
may  correlate  more  closely  with  this  parameter. 

llexure  data  on  other  types  of  advanced  composites  were  somewhat 
meager.  Figure  6 does  indicate  that  the  uniaxial  longitudinal  flexural 
strength  of  boron/epoxy  in  the  form  of  the  commercial  SP-272  product  is 
much  higher  than  that  of  the  graphite/epoxies,  still  lower  than  that  developed 
with  glass  reinforcement.  A quite  rapidly  declining  strength  is  observed 
on  cooling  to  77  K.  The  latter  effect  was  not  observed  in  the  comparable  tensile 
data  (cf.  Figure  2(a)).  Data  were  available  for  two  \ jlyimide  composites, 
one  with  the  high-modulus  GY-70  fiber  and  one  with  the  low-modulus  I1T-S  liber. 

Of  these,  the  HT-S  developed  the  higher  strength.  A small  decrease  in  flexure 
strength  is  evidenced  in  these  composites  77  K,  but  the  magnitude  is  less  than 
that  reported  for  the  uniaxial  tensile  strength.  Finally,  the  HT-S/epoxy-phenoli «. 
(HT-424  Primer)  appears  to  posses  reasonable  flexure  strength  with  little 
temperature  dependence  in  contrast  to  the  comparatively  low  strength  and 
significant  temperature  dependence  reported  for  the  same  composite  in  longi- 
tudinal tension  (cf.  Figure  2(a)). 

Very  little  data  were  available  on  the  flexural  modulus.  Data  for  the 
longitudinal  mode  appearing  on  Figure  7 reflect  the  modulus  of  the  reinforcing 
fibers  and  appear  to  agree  reasonably  well  with  the  moduli  of  the  same  composites 
in  tension.  The  Thomel  50  data  is  an  average  of  data  from  two  matrix  types. 

g 

a modified  ERL  2256  epoxy  and  for  NASA  Resin  2.  A slightly  higher  modulus 
was  reported  tor  the  latter  at  both  295  K and  77  K. 

Composite  Compressive  Strength  and  Modulus 

Data  on  the  compressive  properties  of  advanced  composites  at  cryogenic 
temperatures  were  also  relatively  sparse.  Those  which  were  available  appear  in 
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Figures  8 and  9,  combining  the  graphite/epoxy  data  with  those  of  the  other 
composite  types. 

These  data  show  that  the  advanced  composites  have  excellent  compressive 
strength  properties.  In  contrast  to  the  tensile  and  flexural  strength,  the 
compressive  strengths  and  moduli  of  the  advanced  composites  are  significantly 
higher  than  those  of  the  glass-reinforced  composites.  Comparison  of  Figure  8 
with  Figures  1 and  2 also  shows  that  the  compressive  strengths  are  100-200" 
higher  than  the  tensile  strengths  for  the  same  composites. 

The  highest  uniaxial  longitudinal  compressive  strength  was  reported 

81 

for  the  commercial  boron/epoxy  types  SP-272  and  Narmco  5505?  The  very 

large  strength  increase  on  cooling  to  77  K is  most  impressive  for  this  composite 

type.  The  boron/aluminum  has  a lower,  but  still  respectable,  uniaxial  compressive 

strength.  The  latter  data  reflect  input  from  both  4.2  mil  Borsic  and  5.b  mil 

13 

boron  fiber  composites.  A slightly  higher  strength  was  reported  for  the 
5.6  mil  composite,  but  not  sufficiently  to  justify  a separate  plot.  Again,  the 
Borsic-titanium/aluminum  and  Borsic-steel/alianinum  hybrids  developed 
strengths  somewhat  below  that  of  the  conventional  boron/aluminum,  reflecting 
the  decreased  density  of  boron  fibers  in  the  stress  direction.  Lowest  uniaxial 
longitudinal  compressive  strengths  were  reported  for  the  HT-S/X-904 
graphite/epoxy  composite;  however,  even  this  composite  developed  a compressive 
strength  about  twice  that  developed  in  tension.  Furthermore,  the  compressive 
strength  of  the  graphite/epoxy  composite  was  reported  to  increase  with  cooling, 
in  contrast  to  the  tensile  behavior. 

The  available  data  on  the  transverse  compressive  strengths  of  boron/epoxy, 
boron/aluminum  and  graphite/epoxy  composites  are  compare!  on  Figure  8(b), 
showing  these  composites  to  be  in  the  same  relative  order  of  strength  as  in 
the  longitudinal  test  mode.  Again,  the  commercial  SP-272  and  Narmco  5505 
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boron, epoxy  products  indicate  a substantial  increase  in  compressive  strength 
on  cooling.  Lesser  increases  are  observed  in  the  boron/aluminum  and  in  the 
HT-S/X-904  CFRP. 

All  else  being  equal,  the  compressive  modulus  of  a composite  should  be 

toe  same  as  the  tensile  modulus  of  the  same  composite.  This  is  found  to  be 

generally  true  for  the  HT-S/X-904  CFRP  material,  for  the  boron/epoxy  for 

the  Borsic /aluminum  composites  and  for  the  Borsic/steel/aluminum  hybrid,  as 

may  be  seen  by  comparing  the  compressive  moduli  values  of  Figures  9(a) 

with  the  tensile  moduli  values  of  the  same  composites  on  Figures  3 and  4.  The 

Bors  ic-titanium/aluminum  data  are  at  variance  with  this  principle,  with  some 
, 6 

psi  higher  modulus  being  reported  in  compression  than  in  tension.  The 
boron/aluminum  and  the  boror./a luminum  hybrids  again  show  the  highest  longitu- 
dinal moduli  with  the  boron/epoxy  only  slightly  lower.  The  modulus  of  the 
Hl-S/X-904  CFRP  composite  is  again  much  lower  than  that  of  the  boron- reinforced 
materials.  There  does  not  appear  to  be  a significant  temperature  sensitivity 
ot  this  parameter.  Also,  as  in  the  tensile  case,  the  boron/aluminum  demonstrates 
a clearly  higher  transverse  compressive  modulus  as  compared  to  the  boron/epoxy  or 
to  c he  HT-S/X-904  CFRP  composite. 


Compos  ire  In  te r lamina r Shear  Strength 

Interlaminar  shear  strength  is  the  resistance  to  failure  of  a composite 
subjected  to  pure  shear  in  the  plane  of  the  fibers,  i.e.,  the  shear  strength 
between  two  lamellae  in  a laminate  along  the  plane  of  their  interface.*  Inter- 
laminar shear  is  measured  either  by  the  guillotine  method  in  which  shear  is 
forced  by  the  imposition  of  opposing  but  offset  cuts  in  the  sides  of  a flat 
tens  Lie  specimen  or  by  the  short-beam  method  in  which  the  specimen  resembles 


* No  t 
lamina 
shear) 


to  he  confused  with  intralaminar  shear  which  re f e 
without  reference  to  adjacent  lamellae  (sometimes 


rs  to  shear  within  a singli 
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a flat  flexural  specimen  but  is  designed  to  fail  by  shear  on  the  central  layers 
of  the  composite.  The  guillotine  method  is  the  most  simple  and  is  reputed  to 
produce  less  scatter;  however,  the  values  obtained  are  usually  higher  than 
those  obtained  with  the  shoit-beam  method.  The  latter  is  considered  to  be  the 
more  reliable  method  and  is  the  most  widely  used.  A modification  of  the  short- 
beam  test  is  used  with  filament-wound  NOL  ring  specimens;  here,  a short 
section  of  the  ring  (concave  downward)  is  substituted  for  the  flat  specimen. 
Unfortunately,  the  results  of  the  NOL  segment  and  the  flat  short-beam  tests  are 


not  comparable. 

The  interlaminar  shear  properties  are  believed  to  strongly  affect  structural 
integrity  of  a composite,  particularly  in  compression  loading  and  in  flexure. 

Like  the  flexural  test,  interlaminar  shear  tests  simultaneously  evaluate  several 
parameters  of  the  composite  including  resin  strength,  resin-fiber  bond  strength, 
filament  distribution  and  matrix  void  content.  Such  tests  are  therefore  often 

used  to  evaluate  overall  composite  quality. 

Because  this  test  is  a measure  of  composite  quality,  a wide  range  of 

interlaminar  3hear  strength  values  may  be  obtained  with  a single  composite 

type.  An  example  of  this  is  given  in  Figure  10(a)  where  a frequency  histogram 

depicts  the  range  of  longitudinal  interlaminar  shear  strength  reported  in  the 

literature  for  the  CFRP  composite  HT-S/X-904  at  77  K.  A relatively  substantial 

amount  of  data  are  available  for  this  composite,  due  in  large  part  to  a comprehensive 

12 

study  of  the  effect  of  processing  variables  by  Maximovich  et  al.  Such 
studies  are  of  great  value  in  perfecting  fabrication  methods;  however,  it  is 
evident  from  the  strength  distribution  on  Figure  10(a)  that  discussion  of  average 
literature  values  of  interlaminar  shear  strength  (as  has  been  done  with  other 


properties  discussed  in  this  paper)  would  be  relatively  meaningless.  More 
useful  would  be  knowledge  of  the  maximum  value  obtainable  in  a "perfect" 
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composite  of  a specific  type  and  the  extent  to  which  various  defects  degrade 
the  property.  While  available  data  within  the  cryogenic  temperature  range 
do  not  permit  such  a detailed  analysis,  it  is  of  interest  to  look  at  the  higher 
values  reported  for  each  reinforcement  type  in  order  to  get  a feel  for  what  the 
limiting  interlaminar  shear  strength  might  be. 

Before  pursuing  this  objective,  it  is  worthwhile  to  analyze  the  extensive 
HT-S/X--904  data  a bit  further  to  determine  what  this  relatively  large  body  of 
data  can  tell  statistically  about  the  temperature  dependence  of  interlaminar 
shear  strength.  From  the  frequency  histogram  of  Figure  10(b)  we  observe  that 
the  reported  change  in  this  parameter  upon  cooling  from  295  K to  77  K approximates 
a or  distribution  around  zero  change,  suggesting  that  interlaminar  shear 
strength  is  relatively  independent  of  temperature  for  this  composite  over  this 
temperature  range. 

Figures  11  and  12  reflect  the  upper  bounds  of  uniaxial  longitudinal  inter- 
laminar shear  strength  obtainable  with  various  types  of  advanced  composites 
based  on  available  literature.  In  preparing  these  Figures,  the  highest  five 
reported  values  were  averaged  for  the  HT-S/X-904  data,  while  the  data  for 
the  other  fibers  reflect  the  average  of  all  available  data  when  the  data  spread 
was  minimal  or,  in  a few  cases,  the  selection  of  the  higher  of  two  groups 
of  data  when  such  a grouping  was  obvious.  Curves  based  on  only  one  set 
of  data  are  identified  by  an  asterisk. 

An*,  g the  CFRP  composites,  the  data  suggest  that  the  highest  interlaminar 

shear  strengths  will  be  obtained  with  the  low-modulus  HT-S  fiber.  These  data 

include  three  evaluations  with  X-904  resin  by  Hertz}3  one  evaluation  with 

58 

Ciba  8183,  also  by  Hertz  and  one  evaluation  of  NASA  Resin  2 by  Larsen, 

i10  TU 

et  ai-  ^ 77  K values  ranged  from  about  17,500  psi  for  the  X-904 
composites  to  21,000  psi  for  NASA  Resin  2,  indicating  that  such  high  values 


are  not  unreasonable  for  good  quality  composites  made  with  this  fiber.  The 
room  temperature  data  for  the  X-904  and  Ciba  8183  specimens  ranged  from  13,000 
to  16,000  psi;  however,  the  NASA  Resin  2 specimens  developed  only  7500 
psi  at  this  temperature,  underlining  that  this  latter  resin  sacrifices  elevated 
temperature  properties  for  desired  performance  ir.  the  cryogenic  range.  Figure 
11  also  indicates  a further  increase  in  strength  of  HT-S  composites  upon  cooling 
to  20  K.  The  latter  data  lacks  literature  corroboration,  relfecting  only  the 
data  published  by  Larsen,  et  al}^  with  a NASA  Resin  2 matrix. 

Figure  11  indicates  an  appreciable  increase  in  interlaminar  shear  strength 
with  lowering  of  temperature  for  the  selected  HT-S  composites  in  contradiction 
to  the  negligible  dependence  inferred  statistically  by  Figure  10(b)  for  the 
same  type  of  composite.  As  there  is  no  reason  to  question  the  validity  of 
either  of  these  data,  it  would  appear  that  processing  variables  may  be  affecting 
the  temperature  dependence,  high-quality  composites  increasing  their  interlaminar 
shear  strength  at  lower  temperatures,  while  lower  quality  composites  show 
no  change. 

The  available  data  indicate  that  the  other  graphite-epoxy  composites  have 
somewhat  lower  interlaminar  shear  strengths,  ranging  from  about  10,000 
psi  down  to  about  3000  psi  with  no  systematic  temperature  dependence  being 
evident.  At  77  K,  there  appears  to  be  a somewhat  higher  strength  group  composed 
of  Modmor  I and  II,  HMG-25,  HMG-50  and  HM-S  developing  strengths  on  the  order 
of  7500-10,500  psi,  while  Samco  360,  Thornel  50,  Fibralloy  300,  GY-70 
and  Thornel  75  form  a somewhat  lower  group  at  about  3000-5500  psi.  Aside 
from  the  very  high  strength  of  the  low-modulus  HT-S  fiber  composites, 
there  is  no  evidence  of  a dependence  of  interlaminar  shear  strength  on  fiber 
modulus . 
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Available  data  on  the  temperature  dependence  of  interlaminar  shear 

strengths  of  m ron/ epoxy , boron/ aluminum  and  PRD  49/epoxy  appear  on  Figure 

12.  Data  reported  for  experimental  Borsic-titanium/ aluminum  and  Borsic-steel/ 

13 

aluminum  hybrids  and  for  experimental  CFRP  composites  of  HT-S  fiber 

58 

in  polyimide  and  in  epoxy-phenolic  matrices  are  included  for  comparative 
purposes. 

The  interlaminar  shear  strength  was  reported  to  increase  upon  cooling  for 

all  of  these  composites  except  for  the  PRD  49/epoxy,  which  appears  to  be 

insensitive  to  temperature  down  to  20  K.  The  highest  strength  was  reported 

for  the  Borsic-titanium/ aluminum  hybrid;  however,  values  reported  for  the 

conventional  boron/aluminum  and  SP-272  boron/ epoxy  composites  were  almost 

1 3 58 

as  high,  both  ranging  from  about  15,500  psi  to  19,000  psi  at  77  K.  ’ 

The  boron/ aluminum  curve  reflects  data  obtained  with  both  4.2  mil  Borsic  and 
5.6  mil  boron  fibers,  the  highest  values  at  77  K being  reported  for  the  latter. 

'The  HT- S/epoxy-phenolic,  the  Borsic-steel/ aluminum  hybrid  and  the  HT-S/ 
polyimide  composites  appear  to  develop  somewhat  lower  interlaminar  shear 
strengths,  ranging  from  about  10-14,000  psi  at  77  K.  The  HT-S/epoxy-phenolic 
material  displayed  a particularly  large  increase  in  shear  strength  with  decreasing 
temperature.  A comparatively  low  value  of  interlaminar  shear  strength  was 
reported  for  PRD  49/epoxy.  The  curve  for  this  material  reflects  results 
obtained  with  both  ERLB  4617  and  NASA  Resin  2 matrices,  the  latter  producing 
shear  values  40-70%  higher  than  the  former?^’ ^ 

In  summary,  these  data  indicate  that  the  best  of  the  HT-S/epoxy  CFRP 
composites  and  the  conventional  boron/ epoxies  and  boron/ 6061  aluminum 
composites  are  capable  of  providing  equivalent  high  levels  of  interlaminar 
shear  strengths  at  cryogenic  temperatures,  the  values  varying  from  about 
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14,000  psi  at  295  K to  about  19,000  psi  at  77  K.  These  values  are  slightly 
higher  than  those  reported  in  Part  I for  uniaxial  glass-reinforced  composites 
tested  by  the  short  beam  method. 

Composite  Failure  Strain 

Available  data  on  the  temperature  dependence  of  ultimate  tensile  strain 
for  advanced  composites  are  minimal;  all  of  that  which  has  been  published 
reflects  the  work  of  Hertz,  et  al!3  Nevertheless,  these  data  suffice  to 
illustrate  that:  (a)  the  strain  at  tensile  fracture  is  very  low  for  the  advanced 
composites,  being  on  the  order  of  1-9  x l(f3  in  the  longitudinal  uniaxial 
direction  and,  (b)  the  strain  at  tensile  frccture  is  relatively  independent  of 
temperature  within  the  cryogenic  range.  These  data  are  summarized  on  Figure 
13.  These  strains  are  about  an  order  of  magnitude  lower  than  those  for 

glass-reinforced  composites,  reflecting  the  negligible  fracture  strain  of  the 
advanced  fibers. 

Figure  13  includes  data  on  one  CFRP  composite  (HT-S/X-904) , on  two 

conventional  boron/aluminum  composites  (4.2  mil  Borsic  and  5.6  mil  boron, 

both  in  6061)  and  on  the  two  Borsic/aluminum  hybrids  discussed  previously 

with  reference  to  the  other  properties.  Both  longitudinal  and  transverse  ultimate 

fracture  strains  are  graphed  on  Figure  13  for  each  material. 

The  data  on  Figure  13  shows  the  transverse  fracture  strain  of  the  HT-S/X-904 

CFRP  composite  to  be  very  low  at  about  2 x 10"3,  only  about  25%  of  that 

reported  for  the  longitudinal  strain.  By  comparison,  the  transverse  fracture 

strain  for  the  commercial  HT-S/3002  composite  is  reported  at  7.8  x l(f3,  only 

slightly  less  than  its  longitudinal  fracture  strain  of  8.6  x 10~3,  both  room 
125 

temperature  data.  Hertz,  et  al.  do  not  comment  on  this  low  transverse 
strain  in  HT-S/X-904  and,  as  their  data  reflect  the  average  of  six  specimens 
taken  from  panels  carefully  prepared  for  design  allowable  studies,  it  mist  be 
assumed  that  these  data  are  valid  for  the  HT-S/X-904  composite. 
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Figure  13  shows  that  a 5.6  mil  boron/6061  aluminum  composite  is  expected  to 

fail  at  about  the  same  strain  in  both  the  longitudinal  and  transverse  directions, 

while  the  4.2  mil  Borsic/6061  composite  is  expected  to  fail  at  a much  lower  strain 

13 

when  tested  in  the  transverse  direction.  Hertz,  et  al.  found  that  the  4.2  mil 

Borsic  fiber  was  failing  by  longitudinal  fiber  splitting  during  transverse 

testing,  while  such  splitting  did  not  occur  in  the  larger  diameter  fiber.  The 

authors  concluded  that  the  problem  was  related  to  the  use  of  plasma-sprayed  tape, 

as  higher  transverse  strains  were  observed  in  the  same  type  of  composite 

when  diffusion-bonded  tape  was  used  to  make  the  test  specimens.  They  concluded 

that  diffusion-bonded  boron/ aluminum  tape  was  superior  for  oriented-ply 

126 

applications.  Kreider  has  proposed  an  alternative  explanation  for  longitu- 
dinal splitting  of  the  small  diameter  boron  fibers,  citing  results  of  diametral- 
compression  tests  of  individual  fibers,  which  indicate  that  such  splitting  reflect 
strength  anisotropy  in  the  small  fibers  due  to  residual  stresses  retained  from 
the  original  fiber  manufacturing  process  and  due  to  residual  stresses  retained 
from  the  original  fiber  manufacturing  process  and  from  pre-existing  flaws  in  the 
fibers.  Such  anisotropy  was  not  observed  i;i  the  larger  fibers.  Fiber  splitting 
was  not  directly  related  to  the  presence  or  absence  of  a silicon  carbide  coating 
on  the  fibers.* 

The  Bor sic- titanium/aluminum  hybrid  developed  higher  strain  values  in 
both  directions  than  did  the  conventional  4.2  mil  Borsic/aluminum,  but  lower 
values  than  that  of  the  composite  reinforced  with  5.6  mil  boron.  The  Borsic- 
s tee 1/ aluminum  hybrid  shows  clearly  the  increase  in  transverse  strain 
capability  due  to  the  presence  of  stainless  wires  oriented  in  this  direction. 

The  longitudinal  strain  of  this  hybrid  did  not  appear  to  be  significantly  affected 
by  the  transverse  reinforcement. 

* Manufacturers  of  boron-aluminum  tape  report  that  current  fabrication 
technology  has  overcome  the  problem  of  fiber  splitting. 


The  only  data  available  on  the  temperature  dependence  of  compressive 

strain  within  the  cryogenic  temperature  range  was  for  the  HT-S/X-904 

13 

CFRP  composite,  again  reflecting  the  work  of  Hertz,  et  al.  These  data 
indicate  an  increasing  compressive  strain  capability  for  this  composite  type 
as  the  temperature  is  lowered,  with  a substantially  higher  strain  capability  in 
the  transverse  direction.  Again,  these  strain  values  are  substantially  lower 

J 125 

than  those  reported  for  a conventional  HT-S/3002  CFRP  composite. 

Composite  Bearing  Strength 

The  only  data  found  in  the  literature  on  the  temperature  dependence 
of  bearing  properties  of  advanced  composites  in  the  cryogenic  range  were  published 
by  Hertz,  et  al!3  for  boron-  and  Borsic-ieinforced  5061  aluminum,  including 
the  steel  and  titanium  reinforced  hybrids.  These  data,  appearing  on  Figure 
15,  are  for  bearing  strength  in  the  uniaxial  longitudinal  direction,  i.e., 
the  stress  required  for  bearing  pull-out,  rather  than  the  more  conventional 
bearing  yield  strength.  The  data  of  Figure  15  iefer  to  material  hole-to-free 
surface  dimensions  two  and  four  times  the  diameter  of  a No.  10  steel  pin 
(y  0.19  in.).  An  increase  in  bearing  strength  with  lowering  temperature  is 
observed  for  both  conventional  boron  and  Borsic-reinforced  materials,  the 
effect  being  nure  pronounced  in  the  4D  tests.  The  Borsic-steel/aluminum 
hybrid  performed  much  like  the  conventional  materials,  while  the  Borsic- 
titanium/aluminum  hybrid  performed  somewhat  erratically,  although  the  highest 

strengths  were  developed  with  this  composite. 

DYNAMIC  MECHANICAL  PROPERTIES 

Composite  Fatigue 

The  only  available  data  on  the  temperature  dependence  of  the  fatigue 
properties  of  advanced  composites  were  generated  during  cyclic  pressure  testing 
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of  filament-wound  pressure  vessels.  As  the  composites  in  these  vessels 
were  crosspliec’  and  were  subjected  to  biaxial  stressing,  the  data  are  of  value 
only  in  a comp.rative  sense. 

Hanson^  has  studied  the  cyclic  fatigue  performance  of  pressure 
\essels  overwrapped  with  Thomel  50  graphite  fiber  using  an  ERL  2256/ZZL  0820 
conmercial  filament-winding  resin.  The  fatigue  life  at  77  K was  found  to  be 
similar  to  that  at  295  K with  90%  of  the  relevant  single-cycle  strength  being 
retained  after  10,000  cycles.  This  compares  to  a retention  of  only  about  45% 
of  the  single-cycle  strength  for  glass-fiber  reinforced  vessels.  Hanson  concluded 
that  on  the  basis  of  specific  strength,  CFRP  vessels  would  have  fatigue  performance 
superior  to  that  of  GFRP  vessels  after  only  80  cycles. 

Alfring,  et  alT  have  reported  cryogenic  cyclic  fatigue  data  on  pressure 
vessels  filament-wound  with  4 mil  boron  in  a Polaris  resin  matrix.*  The  results 
were  again  reported  to  be  independent  of  temperature  (down  to  20  K) ; however, 
the  fatigue  life  of  the  boron-reinforced  vessels  was  found  to  be  relatively  low, 
with  residual  strengths  falling  to  40-50%  of  single-cycle  values  after  10,000 
cycles.  This  is  about  the  same  as  for  gLass  reinforcement. 

These  data  suggest  that  graphite  may  be  superior  to  boron  as  a reinforcement 
fiber  for  composite  structures  subject  to  fatigue  at  cryogenic  temperatures; 
however,  these  data  must  be  considered  to  be  very  tentative  in  view  of  the 
aforementioned  tendency  for  the  4 mil  boron  fiber  to  split  longitudinally 
when  subjected  to  transverse  stresses  such  as  are  present  in  biaxially- 
loaded  pressure  vessels.  If  splitting  is  adversely  affecting  the  fatigue  strength, 
the  performance  of  BFRP  composites  reinforced  with  5.6  mil  fiber  should 
be  substantially  better. 

* Polaris  resin  consists  of  Epon  828/Epon  1031/NMA/BDMA  in  proportions 
50/50/90/0.55  pbw.  Commercial  designations  are  E-787  and  58-68R. 
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Composite  Impact  Strength 

Few  data  were  available  on  the  impact  strength  of  advanced  composites 
at  cryogenic  temperatures.  The  Advanced  Composites  Design  Guide 
includes  some  unpublished  data  on  the  Charpy  V-notch  impact  values  of 


comnercial  3505-4  boron/epoxy  material  in  the  uniaxial  longitudinal  direction. 

These  data  indicate  a slight  increase  in  impact  strength  from  22.8  ft  lb  in 
at  295  K to  27.0  ft  lb  in-1  at  20  K.  Concomitantly,  a slight  decrease  from  46.3 
to  39  5 ft  lb  in-^  was  reported  for  unnotched  specimens  over  thif.  temperature 
range.  The  notched/ unnotched  ratios  of  about  0.49  at  295  K and  about  0.68 
at  20  K,  indicate  some  notch  sensitivity.  Sumner  et  al?  ha^e  reported 
a 12  ft  lb  in  ^ Charpy  V-notch  strength  at  295  K for  25  v/o  stainless  steel 
wire  reinforced  2024  aluminum,  this  value  increasing  to  18  ft.  lb.  in 
at  77  K.  Cryogenic  impact  strength  data  were  not  available  for  the  other  types 
of  advanced  composites;  however,  room  temperature  data  indicate  that  the 
CFRP  type  composites  have  substantially  lower  impact  strengths  than  BFRP 
type  and  there  is  no  a priori  reason  to  expect  this  relationship  to  change  at 
cryogenic  temperatures.  Such  impact  strengths  are  substantially  lower  than 
those  discussed  in  Part  I for  glass-reinforcement  where  notched  values  for 

-1  4 

uniaxial  longitudinal  composites  were  seen  to  range  from  67-162  ft  lb  in  at  77  K. 
The  critical  factor  has  been  identified  as  the  stress-strain  behavior  of  the  fiber 
reinforcement,  higher  impact  values  being  associated  with  higher  failure 

strains  of  the  fiber  whenever  tests  are  made  in  the  longitudinal  (cross-fiber 

r , , 127,128 

fracture)  mode. 

Impa< t strengths  of  uniaxial  composites  tested  in  the  transverse  direction 
are  essentially  matrix  controlled.  Since  composite  structures  are  usually  of 
crossply  construction  and  subjected  to  complex  stresses,  an  improvement  in 
the  impact  strength  of  the  matrix  offers  the  possibility  of  an  overall  improvement 
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of  composite  toughness.  Larsen  has  reported  efforts  to  improve  the  impact 
properties  of  crossplied  HT-S/epoxy  mterials  at  cryogenic  temperatures  by 
addition  of  elastomeric  components  to  the  mtrix.  Results  of  this  work  were 
reported  in  terms  of  energy  density,  i.e.,  the  area  under  the  force-deflection 
curve  using  a cleavage-type  specimen.  This  work  showed  that  some  improvement 
was  indeed  possible  with  CBTN  modified  ERLB  461?  epoxy;  however,  the  benefit 
gained  was  negated  by  a significant  lowering  of  the  room  temperature  impact 
properties  and  by  unpredictable  performance  at  cryogenic  temperatures. 

Larsen  concluded  that  better  overall  cryogenic  properties  would  be  obtained 
by  use  of  the  NASA  Resin  2 epoxy  formulation  with  CFRP  composites. 

It  appears  at  this  time  that  substantial  improvement  of  impact  strength 
of  the  advanced  composites  will  require  development  of  hybrids,  possibly  com- 
bining glass  with  the  advanced  fibers. 

THERMAL  PROPERTIES 

Composite  Thermal  Expansion  and  Cont raction 

Unlike  the  glass-reinforced  composites,  some  advanced-fiber  composites 
expand  in  the  fiber  direction  when  cooled  to  cryogenic  temperatures.  Available 
data  for  the  temperature  dependence  of  dimensional  changes  in  the  uniaxial 
longitudinal  direction  are  summarized  in  Figure  16,  while  comparable  data 
for  the  uniaxial  transverse  direction  appear  in  Figure  17. 

The  CFRP  composites  display  a very  small  longitudinal  expansion  on 
cooling,  slightly  larger  expansions  being  reported  for  the  high  modulus 
Thomel  75  and  GY-70  fiber  composites  than  for  the  medium-modulus 
Fibralloy  300  and  the  low-modulus  HT-S  fiber  composites.  The  slight  reversal 
in  expansion  indicated  by  a dashed  line  below  77  K for  the  HT-S  composite 
is  apparently  a real  effect  documented  by  Larsen  and  Simon^  in  both 
HT-S/NASA  Resin  2 and  HT-S/4617  Polyblend  composites.  The  P?n  49 
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(Kevlar  49)  composites  undergo  a comparatively  large  longitudinal  expansion 

-4 

on  cooling,  reportedly  reaching  a maximum  of  about  8-10  x 10  at  about  77  K. 

Slightly  larger  expansion  was  reported  with  a NASA  Resin  2 matrix  than  with 
ERLA  4617.  The  other  advanced  composites  contracted  on  cooling.  Least 
longitudinal  contraction  was  reported  for  the  commercial  SP-272  boron/epoxy 
product,  while  the  boron/aluminums  undergo  the  largest  contractions.  The 
matrix  contraction  properties  appear  to  be  dominating,  in  the  latter  as 
relatively  little  difference  is  seen  among  the  four  variants,  including  the  hybrids. 

The  5.6  mil  composite  displays  a slightly  lower  contraction  than  does  the  4 mil 
product.  The  longitudinal  thermal  contractions  of  these  boron/ aluminum 
composites  are  about  25%  of  that  for  unreinforced  6061  aluminum  alloy. 

Dimensional  changes  in  the  transverse  direction  are  strongly  influenced 
by  the  matrix,  all  advanced  composites  showing  contraction  in  this  direction 
on  cooling.  These  contractions  are  large  compared  to  changes  observed  in  the 
fiber  direction,  as  witnessed  by  the  necessity  to  change  the  ordinate  scale 
for  Figure  17.  The  data  indicate  that  boron/epoxy  composites  have  the  least 
transverse  contraction  of  the  group,  yet  even  this  relatively  low  value  is 
three  times  larger  than  its  longitudinal  change.  The  CFRP  composites  appear 
to  undergo  about  twice  the  transverse  thermal  contraction  of  the  BFRP  com- 
posites, reflecting  the  lesser  constraint  provided  in  this  direction  by  the 
small  graphite  fibers.  A slightly  higher  transverse  contraction  is  reported  for 

>. 

the  high-modulus  GY-70/X-904  composite  than  for  the  low-modulus  HT-S/X-904 
material;  however,  such  a small  difference  could  easily  be  accounted  for  by 
variations  in  fiber  volume  fraction.  The  conventional  boron/6061  aluminum 
composites  have  the  next  largest  transverse  contraction.  By  comparison 
with  the  contraction  of  unreinforced  6061  alloy  (dashed  curve) , it  is  seen 
that  the  transverse  contraction  of  boron/aluminum  is  almost  completely  matrix 


dominated.  No  significant  differences  were  reported  for  4.2  mil  Borsic  and  5.6 
mil  boron  fiber  composites. 

The  PRD  49/epoxy  composites  have  by  far  the  largest  transverse  thermal 
contraction.  Comparing  the  temperature  dependence  of  PRD49-I/NASA  Resin 
2 (curve  8)  with  that  reported  by  Soffer  and  Molho5  for  NASA  Resin  2 alone 
(dashed  curve),  indicates  that  the  matrix  is  also  dominating  the  transverse 
dimensional  changes  in  this  composite.  The  PRD  49  fibers  do  not  offer  appreciable 
restraint  to  transverse  contraction  of  the  matrix  because,  as  seen  in  Figure  16, 
this  fiber  expands  significantly  in  the  longitudinal  direction  during  cooling 
which,  of  necessity,  is  accompanied  by  significant  transverse  fiber  contraction. 
Thus,  cooling  to  cryogenic  temperatures  would  be  expected  to  produce  sizeable 
interfacial  shear  forces  between  the  fiber  and  matrix,  with  lesser  forces  normal 
to  the  fibers. 

Composite  Thermal  Conductivity 

Few  data  were  available  on  the  temperature  dependence  of  uniaxial  longi- 
tudinal and  uniaxial  transverse  thermal  conductivity  of  advanced  composites. 

Those  which  were  available  are  plotted  in  Figure  18.  In  considering  these  data, 

the  read jr  should  be  aware  of  the  difficulties  and  potential  sources  of  error 

in  determining  such  conductivities  in  the  cryogenic  range.  The  comments 

made  in  Part  I of  this  paper  on  this  subject  apply  equally  well  here.  Furthermore, 

the  volume  fraction  of  fiber  will  influence  the  conductivities,  particula.  j.y  in 

graphite-reinforced  composites.  For  these  reasons,  the  data  on  Figure  18 

should  be  considered  as  oi'ly  indicating  trends. 

The  CFRP  composites  ha  'e  relatively  high  thermal  conductivities  in  the  fiber 
direction,  reflecting  relati\ely  high  conductivity  of  the  graphite  fibers  compared 
to  epoxy.  Longitudinal  conductivity  in  these  materials  is  highly  temperature  «- 
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pendent.  The  BFRP  composites  have  much  lower  conductivities  than  do  the  CFRP 
composites  in  the  fiber  direction  and  show  a comparatively  small  tempera- 
ture dependence  of  thermal  conductivity.  Data  were  not  available  for  boron- 
reinforced  aluminum;  however,  the  thermal  conductivity  of  such  materials  will 
certainly  be  much  higher  than  that  of  a polymeric  matrix  composite.  The  con- 
ductivity should  be  approximately  half  that  of  unreinforced  aluminum  in  a typical 
50  volume  percent  boron/aluminum  composite.  Transverse  thermal  conductivties 
are  matrix  dominated  and  very  low  for  both  the  CFRP  and  BFRP  materials. 

These  data  suffice  to  show  that  the  thermal  conductivities  of  the  epoxy- 
matrix advanced  composites,  particularly  boron-reinforced,  are  low  enough  to 
make  them  attractive  for  crvogenic  structural  components. 

Composite  Specific  Heat 


Figure  19  shows  the  specific  heat  of  the  advanced  composites  to  be  similar 

to  those  of  the  glass-reinforced  composites  discussed  in  Part  I of  this  paper.  Again, 

an  almost  linear  temperature  dependence  of  C is  observed  from  295  K to  77  K. 

P 

As  a group,  the  values  are  slightly  lower  than  aluminum  for  much  of  the  region 

between  295  K and  77  K,  but  substantially  higher  than  that  for  copper  and  most 

other  ire^als  down  to  77  K.  The  temperature  dependence  of  C^  for  aluminum, 

copper  and  titanium  are  included  on  Figure  19  for  comparative  purposes. 

The  highest  specific  heat  at  cryogenic  temperatures  was  reported  for  boron/ 

aluminum,  the  aluminum  matrix  undoubtedly  contributing  significantly  to  this 

relatively  high  value.  The  depicted  curve  is  the  average  of  data  reported  by 
13 

Hertz  et  al.  for  4.2  mil  Borsic/6061  and  5.6  mil  boron/6061.  Slightly  higher 
values  were  reported  at  295  K and  200  K for  the  larger  filament  size,  falling 
to  slightly  lower  at  77  K.  The  data  indicate  that  the  Bcrsic/aluminum  hybrids 
had  slightly  lower  specific  heats,  probably  reflecting  the  contributions  from 
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the  steel  and  titanium  reinforcements.  The  specific  heat  of  the  boron/epoxy 
composite  lies  between  that  of  the  boron /aluminum  and  the  graphite/epoxy. 

The  specific  heat  of  the  latter  has  undoubtedly  been  lowered  by  the  graphite 

which,  as  shown  by  the  dashed  curve  on  Figure  19,  has  itself  a relatively 
low  specific  heat. 

The  data  indicate  that  boron/epoxy  has  a comparatively  high  specific  heat  at 
room  temperature.  This  is  not  unreasonable,  as  boror  has  a room  temperature 
specific  heat  of  about  12.9  x 102  J Kg’1  k"1.  No  cryogenic  specific  heat  data 
were  available  for  boron  or  epoxy;  however,  the  composite  data  suggest  a rapidly 
decreasing  value  of  Tp  for  boron  as  temperature  decreases,  while  indicating 

that  the  specific  heat  of  epoxy  probably  lies  between  the  curves  for  boron/epoxy 
and  graphite /epoxy. 

COMMENTS  ON  ADVANCED  COMPOSITES 

The  purpose  of  this  review  is  to  give  the  reader  an  understanding  of  the 
present  state  of  knowledge  as  to  the  magnitude  nd  temperature  dependence  of 
the  properties  of  advanced  fiber  composites  at  cryogenic  temperatures.  It  is 
apparent  that  present  knowledge  is  incomplete  in  many  respects;  nevertheless, 
the  available  data  justify  considerable  optimism  as  to  the  future  applicability 
for  these  materials  for  structural  components  operating  at  cryogenic  temperatures. 

The  cryogenic  performance  of  the  conmercial  state-of-the-art  bonn- 
-einforced  epoxies  and  aluminum  are  particularly  impressive  as  they  consistently 
display  excellent  tenrl’e  and  compressive  strengths  and  elastic  moduli  which 
remain  constant  or  improve  as  the  temperature  is  lowered.  Equally  impressive  is 
the  relatively  small  scatter  in  the  data  which  is  indicative  of  a high  degree  of 
reliability  for  components  made  from  boron-reinforced  composites.  The  data  suggest 
that  the  commercial  products  may  be  used  effectively  at  cryogenic  temperatures 
without  optimization  of  the  conposite  natrix. 
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Available  data  on  the  cryogenic  performance  of  the  graphite-reinforced 
epoxy  class  of  composites  are  less  convincing.  Ultimate  tensile  strengths  are 
lower  than  for  boron  reinforcement  and  show  a disturbing  tendency  to  decrease 
with  cooling.  Test  results  are  sometimes  very  unpredictable  and  contradictory. 
Larsen  and  Simon  report  diametrically  opposed  temperature  dependence 
of  the  tensile  strength  for  both  HT-S/NASA  Resin  2 and  HT-S/ERLR  4t>17 
polyblend  composites  when  each  was  tested  first  as  flat  uniax  al  specimens  and 
subsequently  by  the  NOL-ring  method.  Results  of  this  type  suggest  that  much 
of  the  apparent  erratic  and  inconsistent  behavior  in  CERP  composites  may  be 
due  to  the  difficulty  of  obtaining  valid  measurements  of  strength  at  cryogenic 
temperatures  with  this  class  of  composite.  Certainly,  the  overall  performance 
of  graphite-fiber  overwrapped  pressure  vessels  also  reported  by  Larsen  and 
Simon  was  much  better  than  could  have  been  predicted  froa  their  basic  test 
data.  In  contrast  to  the  boron- re info reed  materials,  data  suggest  that  the  CKRP 
composites  may  benefit  from  matrix  optimization.  Larsen  and  Simon  recommend 
NASA  Resin  2 for  both  uniaxial  and  crossply  CFRP  composites  on  the  basis 
of  their  research.  This  would  appear  to  be  a reasonable  choice,  as  this  resin 
system  was  developed  by  Softer  and  Molho^  to  provide  improved  performance  at 
low  temperatures.  The  potential  user  is  cautioned,  however,  that  this  resin 
has  relatively  poor  properties  at  room  temperature  and  ab(ve.  Particular 
caution  must  be  taken  to  properly  support  components  made  with  this  resin 
whenever  elevated  temperature  vacuum  degassing  is  required  prior  to  cryogenic 
service. 

Kevlar  49  (PRD  49)  is  currently  attracting  a good  deal  of  attention  for 
cryogenic  applications.  This  fiber  is  often  considered  as  a replacement  for 
glas-i  as  it  is  relativel”  inexpensive  and  imparts  to  a composite  a significantly 
higher  modulus.  Based  on  current  knowledge,  the  NASA  Re3in  2 epoxy  formulation 
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is  perhaps  the  most  acceptable  matrix  material  for  this  fiber;  however,  the 
aforementioned  warning  on  the  low  room  temperature  properties  must  be  heeded. 

In  part  I of  this  paper,  the  author  mentioned  the  possibility  that  the 
cryogen  in  which  mechanical  property  measurements  are  made  might  be  affecting 
the  results  obtained  with  glass- reinforced  polymers.  This  cautionary  note 
was  based  on  the  recent  discovery  that  the  onset  of  crazing  in  certain 
polymers  could  be  caused  by  the  activity  of  the  liquefied  gas  (particularly 
nitrogen)  relative  to  the  polymer  surface.  The  possibility  exists  that 
a similar  phenomenon  is  affecting  the  mechanical  properties  of  the  graphite- 
and  PRD  49-reinf orced  composites.  In  the  few  cases  where  mechanical  property 
measurements  on  such  composites  were  carried  to  below  77  K,  the  data  tended 
to  become  erratic  in  the  same  manner  as  was  observed  for  glass.  The  ultimate 
tensile  strength  data  for  the  HT-S  fiber  in  Figures  1(a)  and  1(b)  may  be  cited 
as  examples,  as  may  the  modulus  of  PRD  49  in  Figure  4(a).  It  is  difficult  to 
accept  such  precipitous  changes  In  temperature  dependence  as  inherent 
characteristics  of  the  materials. 

Much  work  remains  before  the  behavior  of  advanced  composites  under 
cryogenic  conditions  can  be  said  to  be  thoroughly  understood.  The  follow-on 
work  suggested  in  Part  I for  the  glass-reinforced  composites  applies  equally 
well  to  the  advanced  composites.  Following  the  suggested  method  of  approach, 
a program  of  ’-esearch  is  being  started  at  NRS  to  characterize  selected  GFRP, 
CFRP,  BFRP,  BFRM  (aluminum)  and  Kevlar  49  composites  from  295  K to  4 K both 
mechanically  and  thermally.  Hopefully,  data  derived  during  the  course  of  this 
program  will  provide  firm  bases  for  the  understanding  of  composite  performance 
at  cryogenic  temperatures. 
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Al’  PEND  IX 


The  following  materials  are  referred  to  in  this  report: 

Fibers 


Graphite 

i 

HT-S,  HM-S 

Courtaulds  Ltd. 

HMG-25,  HMG-50  ' 

Hitco  Corp. 

Modmor  I,  II 

Morganite  Ltd. 

Thomel  25,  50 

Union  Carbide  Corp. 

Samco  320 

Samco  Corp. 

Fibralloy  300 

Monsanto  Corp. 

GY- 70 

Celanese  Corp. 

Boron 

Borsic 

Hamilton  Standard  Corp. 

Others 

PRD  49  (Kevlar  49) 

E.  I.  DuPont  de  Nemours,  Inc. 

Resins 

1 1 

Epoxies 

X-904,  X-915 

Fiberite  Corp. 

ERL  2256,  ERLB  4617 

Union  Carbide  Plastics  Co. 

Epon  828,  1031,  58-68R 

Shell  Chemical  Corp.,  Plastics  & Resin  Div. 

E-350,  E-787 

U.S.  Polymeric  Corp. 

Ciba  8183/137 

3002 

Hercules  Corp. 

Others 

Skybond  703  (polyimide) 

Monsanto  Corp. 

HT-424  (epoxy-phenolic) 

American  Cyanimid. 

Flexibilizers,  Coupling  Agents,  Hardners 


ZZL  0820 
Eropol  1040 

Boron  Composite  Products 

SP-272 

5505 

Miscellaneous  Materials 


Union  Carbide  Plastics  Co. 
Emery  Industries,  Inc. 


Minnesota  Mining  & Manufacturing  Co. 
Avco  Corporation 


DSA  - dodecenyl  succinic  anhydride 

BDMA  - benzyldimethylamine 

NMA  - nadic  methyl  anhydride 
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TABLE  1 


TYPICAL  COMPOSITE  DENSITIES 

_ o o 

Composite  System  Fiber/Resin  Ratio  Density,  lb  in  (kg  m xlO 


s-glass/ epoxy 

60-67 

0.068-0.074 

(1.87 

-2.04) 

Kevlar  49/epoxy 

60-65 

0.047-0.050 

(1.3- 

1.38) 

boron/epoxy 

55 

0.070-0.074 

(1.93- 

-2.04) 

graphite /epoxy 

55-60 

0.050-0.055 

(1.38 

-1.52) 

boron/aluminum  (4  mil) 

50 

0.10  (2.62) 

TABLE  2 


COMPARISON  OF  RANKING  OF  SPECIFIC  UNIAXIAL  GRAPHITE /EPOXY  COMPOSITES 
BY  LONGITUDINAL  FLEXURF  STRENGTH  AND  BY 
LONGITUDINAL  TENSILE  STRENGTH  (77  K) 


Composite  Type 

HT-S/X-904 
HT-S/E-350 
HT-S/X-915 
HT-S/Ciba  8183 
GY-70/X-904 
Thornel  50 /Re sin  2 
HMG-25/Resin  2 
Thornel  50/ERL  2256 


C,  KSI  Rank 


178  1 

172  2 

167  3 

146  4 

117  5 

58  6 

55  7 

54  8 


OtU,  KSI  Rank 


147  1 

87  6 

103  2 

45  8 

92  4 

91  5 

71  7 

93  3 


LIST  OF  FIGURES 


Page 


Figure  1 
Figure  2 

Figure  3 
Figure  4 

Figure  5 
Figure  6 

Figure  7 
Figure  8 
Figure  9 


Ultimate  Tensile  Strength,  otu,  of  Graphite/Epoxy  Composites  . 

Ultimate  Tensile  Strength,  <JtU,  of  Miscellaneous  Advanced 
Composites  

Initial  Tensile  Modulus,  E*,  of  Graphite/Epoxy  Composites  . . 

Initial  Tensile  Modulus,  E*.  of  Miscellaneous  Advanced 
Composites  

Ultimate  Flexural  Strength,  0^U,  of  Graphite/Epoxy  Composites. 

Ultimate  Flexural  Strength,  otU,  of  Miscellaneous  Advanced 
Composites 

Flexural  Modulus,  Ef,  of  Advanced  Composites  

Ultimate  Compressive  Strength,  oc  , of  Advanced  Composites  . . 

Compressive  Modulus,  E^,  of  Advanced  Composites  


. 199 

. 200 
. 201 

. 202 
. 203 

. 204 
. 204 
. 205 
. 206 


Figure  10  Histograms  Illustrating  the  Reported  Range;  of  Longitudinal 

Interlaminar  Shear  Strength,  09i,  as  reported  for  HT-S/X-904 
Graphite/Epoxy  at  77  K (a)  and  the  Reported  Changes  in 
Interlaminar  Shear  Strength  in  the  Same  Composite  Upon 
Cooling  From  295  K to  77  K . 

Figure  11  Interlaminar  Shear  Strength,  osl,  of  Graphite/Epoxy  Composites 
Data  Reflect  Highest  Values  Reported  (See  Text  for  Details). 
Flat  Short-beam  Test  Data  except  as  noted  


Figure  12  Interlaminar  Shear  Strength,  osi,  of  Miscellaneous  Advanced 
Composites.  Flat  Short-beam  Test  Data  Except  Where  Noted  . 


. 209 


Figure  13  Ultimate  Tensile  Strain,  etu,  of  Advanced  Composites  210 

Figure  14  Ultimate  Compressive  Strain,  eCU,  of  Graphite/Epoxy  Composites.  . 211 

Figure  15  Ultimate  Bearing  Strength,  obu,  of  Boron/Aluminum  Composites, 

Uniaxial  Longitudinal  Direction  


Figure  16  Longitudinal  Thermal  Expansion,  AL/L,  of  Uniaxial  Advanced 
Composites  

Figure  17  Transverse  Thermal  Expansion,  AL/L,  of  Uniaxial  Advanced 
Composites  

Figure  18  Thermal  Conductivities,  X,  of  Advanced  Composites  .... 

Figure  19  Specific  Heat,  Cp,  of  Advanced  Composites  


198 


M 
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FIGURE  1 - Ultimate  Tensile  Strength, atu,  of  Graphite-Epoxy  Composites 
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FIGURE  2 - Ultimate  Tensile  Strength,otu,  of  Miscellaneous  Advanced 
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FIGURE  4 - Initial  Tensile  Modulus,  E*,  of  Miscellaneous  Advanced 
Composites. 
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(1)  Boron/Epoxy  (SP-272) {Ref. 58) 
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FIGURE  6 - Ultimate  Flexural  Strength,  afu,  of  Miscellaneous  Advanced 
Composites. 
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FIGURE  7 - Flexural  Modulus,  Ef,  of  Advanced  Composites. 
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(1)  HT-S/X-904  (Ref. 13)  (4)  Borsic-Titanium 

(2)  Boron/Epoxy  (SP-272,  Narmco  S505)  Aluminum  |*061) 

(Ref. 81)  (5)  Borsic-Steel/' 

(3)  Boron/Aluminum  (6061) (Ref . 13)  Aluminum  (6061) 

(Ref. 13 
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FIGURE  8 - Ultimate  Compressive  Strength,acu,  of  Advanced  Composites. 
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FIGURE  9 - Compressive  Modulus,  Ec,  of  Advanced  Composites. 
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FIGURE  10  - Histograms  illustrating  the  ranqe  of  longitudinal 
interlaminar  shear  strength,  n51 , as  reported  for  HT-S/X-904 
Graphite- Epoxy  at  77K  (a)  and  the  reported  changes  in 
interlaminar  shear  strength  in  the  same  composite  upon 
cooling  from  295K  to  77K  (b). 
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FIGURE  11  - Interlaminar  Shear  Strength,  oai,  Graphite-Epoxy  Composites 
Data  Reflects  Highest  Values  Reported  (See  text  for  details).  Flat 
Short-beam  Test  Data  except  as  noted. 
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(1)  PRD-49/Epoxy  (Ref. 59, 60) 

(2)  Boron/Epoxy  ( SP-272) (Ref . 13,58) 
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FIGURE  12  - Interlaminar  Sheer  Strength,  osi,  of  Miscellaneous  Advanced 
Composites.  Flat  Short-beam  Test  Data  except  where  noted. 
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FIGURE  13  - Ultimate  Tensile  Strain, etu, of  Advan  ed  Composites 
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(1)  Thornel  75/ERLB  4617(Ref . 51 ) 

(2)  GY-70/X-904  (Ref.  13) 
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FIGURE  16  - Longitudinal  Thermal  Expansion,  AL/L,  of  Uniaxial 
Advanced  Composites. 
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FIGURE  17  - Transverse  Thermal  Expansion,  AL/L , of  Unia/ial 
Advanced  Composites. 
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FIGURE  19  - Specific  Heat,  Cp,  of  Advanced  Composites. 
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Sunmary:  Elastic  Properties 

During  the  past  year,  the  elastic  properties  of  thirteen  alloys  have 
been  studied  at  cryogenic  temperatures.  All  of  the  alloys  are  commercially 
available  engineering  materials  that  are  candidates  for  low- temperature 
applications,  including  superconducting  machinery.  They  were  studied  between 
room  temperature  and  liquid-helium  temperature  (300-4  K) . Previously,  very 
little  low- temperature  elastic  data  existed  for  most  of  these  materials.  Ultra- 
sonic (10  MHz)  pulse-echo  and  pulse-echo-superposition  methods  were  used  to 
determine  the  longitudinal  and  transverse  sound-wave  velocities,  which  are  re- 
lated simply  via  the  mass  density  to  the  elastic  constants.  These  constants 
include:  Young's  modulus,  shear  modulus,  bulk  modulus  (reciprocal  compressibi- 
lity), longitudinal  modulus,  Poisson's  ratio,  and  elastic  Debye  temperature. 
Measurements  were  made  semi— continuously  on  cooling  and  also  on  heating. 

In  the  previous  semi-annual  report,  data  and  discussions  were  given  for 
four  materials:  T1-6A1-4V,  Ti-5Al-2.5Sn  (see  Appendix  A),  Inconel  600,  and 
Inconel  X-750.  In  this  report,  data  and  discussions  (in  the  form  of  manuscripts 
intended  for  publication)  are  given  for  eight  additional  materials:  aluminum 
alloys  1100,  5083,  7005,  and  7075;  and  austenitic  stainless  steels  AISI  304, 

AISI  310,  AISI  316,  and  A286.  Also  in  this  report,  data  are  given  for  invar 
(iron  ~ 36  nickel).  All  the  stainless  steels  and  invar  have  low-temperature 
magnetic  transitions  that  cause  anomalies  in  the  low- temperature  elastic  pro 
perties  of  these  materials.  Invar  is  a particularly  complicated  material 
magnetically  and  elastically,  and  it  will  be  discussed  in  the  next  report. 

The  dynamic  magneto-elastic  tehavior  of  the  stainless  steels  is  much  simpler 
and  is  interpreted  In  terms  of  the  Doring  effect. 
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LOW-TEMPERATURE  ELASTIC  PROPERTIES  OF  FOUR  WROUGHT 
ALUMINUM  ALLOYS 

E.  R.  Naimon*t,  H.  M.  Ledbetter,  and  W.  F.  Weston* 

Cryogenics  Division 
Institute  for  Basic  Standards 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 

Abstract 

The  elastic  properties  of  four  annealed  polycrystalline  commercial 
aluminum  alloys  were  studied  between  4 and  300  K using  a pulse-super- 
position method.  Results  are  given  for:  longitudinal  sound  velocity, 
transverse  sound  velocity,  Young's  modulus,  shear  modulus,  bulk  modulus 
(reciprocal  compressibility),  Poisson's  ratio,  and  elastic  Debye  tem- 
perature. The  elastic  stiffnesses  of  the  alloys  increase  four  to  thir- 
teen percent  on  cooling  from  room  temperature  to  liquid-helium  tempera- 
ture. The  elastic-constant-temperature  curves  exhibit  regular  behavior. 


Key  words:  Aluminum;  aluminum  alloys;  bulk  modulus;  compressibility; 
Debye  temperature;  elastic  constants;  elasticity;  Poisson  ratio; 
pulse-echo  method;  sound  velocity;  Young's  modulus. 
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LOW-TEMPERATURE  ELASTIC  PROPERTIES 
OF  FOUR  WROUGHT  ALUMINUM  ALLOYS 


E.  R.  Naimon,  H.  M.  Ledbetter,  and  W.  F.  Weston 

Cryogenics  Division 
Institute  for  Basic  Standards 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 

1.  INTRODUCTION 

Aluminum  alloys  are  used  extensively  at  cryogenic  temperatures 
because  of  their  favorable  mechanical  properties.  These  properties 
include:  increased  strength  without  loss  of  ductility  at  lower  tem- 
peratures; absence  of  a ductile-brittle  fracture  transition;  and,  for 
some  alloys,  high  strength-to-weight  ratios. 

Knowledge  of  a material's  elastic  constants  is  essential  to  under- 
standing its  mechanical  behavior.  Most  mechanical  behavior  is  best 
described  by  a dislocation  model,  and  the  elastic  constants  (usually  the 
shear  modulus  and  Poisson's  ratio)  occur  in  most  equations  describing 
the  stress-strain  state  of  a dislocated  solid. 

In  this  paper,  the  elastic  properties  of  four  wrought  aluminum 
alloys  — commonly  designated  1100,  5083,  7005,  and  7075  — are  reported 
over  the  temperature  range  300  to  4 K.  These  properties  Include:  the 
longitudinal  modulus.  Young's  modulus,  the  shear  modulus,  the  bulk 
modulus  (reciprocal  compressibility),  and  Poisson's  ratio.  While 
the  changes  of  the  elastic  constants  in  this  temperature  range  are 
only  moderate,  four  to  thirteen  percent,  exact  values  of  the  elastic 
constants  are  very  useful  design  parameters,  permitting  accurate 
calculations  of  deflections  for  any  combination  of  stress  and  temperature. 
Low- temperature  elastic  constants  are  also  quite  valuable  theoretically; 
they  permit  the  calculation  of  the  Debye  characteristic  temperature,  which 
is  related  in  turn  to  a wide  variety  of  solid-state  phenomena  that  de- 
pends on  the  vibrational  properties  of  solids. 
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An  ultrasonic  (10  MHz)  pulse-superposition  method  was  used  for 

determining  the  velocity  v of  a sound  pulse  propagated  through  the 

2 

specimen.  The  elastic  modulus  C is  then  given  by  C = pv  , where  p 
is  the  mass  density.  Different  elastic  constants  were  determined  from 
different  modes  of  ultrasonic  excitation.  This  method  has  many  ad- 
vantages: small  specimens  are  sufficient;  thus,  ancillary  equipment 
such  as  probes  and  dewars  can  also  be  small,  and  refrigeration  costs 
are  low;  specimens  can  have  a simple  geometry  and  can  be  easily  pre- 
pared; measurements  car.  be  made  as  nearly  continuously  as  desired; 
relative  precision  is  high,  about  one  part  in  10^  for  the  velocities; 
laboratory-to-laboratory  variations  of  the  elastic  constants  are  typically 
a few  percent  or  less;  and  tests  are  completely  non-destructive. 

Low-temperature  elastic  data  for  aluminum  alloys  have  two-fold 
interest.  First,  the  elastic  constants  provide  basic  information  about 
interatomic  forces.  Second  the  same  numbers  are  essential  design  para- 
meters for  stress-bearing  members.  Data  given  here  permit  the  load- 
deflection  behavior  of  the  alloys  to  be  accurately  predicted  between 
room  temperature  and  liquid-helium  temperature.  Accurate  elastic  data 
become  especially  important  in  applications  involving  high  stresses, 
large  structural  parts,  or  precision  parts. 
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2.  MATERIALS 


Aluminum  alloy  1100  is  comnercial-quality  aluminum.  It  has  good 
corrosion  resistance,  high  electrical  and  thermal  conductivities,  high 
ductility,  but  low  strength  properties.  Strength  can  be  improved  somewhat 
by  strain  hardening  without  significantly  decreasing  other  properties. 

The  main  impurities  in  this  alloy  are  usually  iron  and  silicon. 

Aluminum  alloy  5083  is  characterized  by  good  welding  properties 
and  by  good  corrosion  resistance  in  marine  environment.  Magnesium  is  the 
major  alloying  element  and,  along  with  manganese,  produces  a moderately 
strong,  yet  ductile,  alloy,  which  does  not  respond  to  heat  treatment. 

The  strength  properties  of  5083  improve  with  lower  temperatures.  The 
main  advantage  of  5083  seems  to  be  its  weldability;  welds  as  strong  as 
the  base  metal  can  be  obtained.  Currently  this  alloy  is  being  used  in 
a number  of  applications  involving  the  manufacture,  transfer,  and  storage 
of  liquefied  natural  gas;  these  applications  require  many  millions  of 
kilograms  of  materials. 
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Aluminum  alloy  7005  is  a heat-treatable  alloy  containing  zinc  a.id 
magnesium,  which  are  balanced  to  obtain  a natural-aging  alloy.  Chro- 
mium is  added  to  reduce  corrosion  of  the  heat-affected  weld  zones,  and 
zirconium  is  added  to  reduce  weld  cracking  and  to  improve  mechanical 
properties. 

Aluminum  alloy  7075  contains  zinc  as  the  major  alloying  element. 


Together  with  a small  percentage  of  magnesium, 
pitation  hardened  to  produce  high  strength. 

Details  of  compositions,  heat  treatments, 
nesses  of  the  alloys  are  given  in  Tables  I and 


this  alloy  can  be  preci- 
mass  densities,  and  hard- 
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3. 


EXPERIMENTAL 


Alloys  were  obtained  from  commercial  sources;  1100  and  7075  in 
the  form  of  3/4-in.  (1.9-cm)  rods,  5083  and  7005  in  the  form  of  3/4-in. 
(1.9-cm)  thick  plate.  Cylindrical  specimens  5/8-in.  (1.6-cm)  in  dia- 
meter and  5/8- in.  (1.6-cm)  long  were  prepared  by  grinding.  Opposite 
faces  were  flat  and  parallel  within  10  in.  (2.5  Hm)  . Specimens  were 
annealed  at  a pressure  of  5 x 10  ^ torr,  or  less,  and  cooled  in  the 
furnace.  Hardnesses  were  determined  by  standard  metallurgical  methods, 
and  mass  densities  were  determined  by  Archimedes's  method  using  distilled 
water  as  a standard. 

Quartz  transducers  (10  MHz)  were  bonded  to  the  specimens  with 
phenyl  salicylate  for  room-temperature  measurements  and  with  a stopcock 
grease  for  lower  temperatures.  In  a few  cases,  failure  of  these  bonds 
at  very  low  temperatures  required  using  a silicone  fluid  (viscosity 
200,000  cP  at  25°C)  for  bonding.  The  low- temperature  apparatus  was 
described  previously  [1]. 

A pulse-superposition  method  was  used  to  determine  the  sound-wave 
velocities  over  the  temperature  range  300—4  K.  Details  concerning  this 
method  were  given  elsewhere  [2]. 
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4.  RESULTS 

Quantities  that  were  measured  directly  are  the  longitudinal  and 
the  transverse  sound-wave  velocities  Vg  and  v^.  From  these,  the 
longitudinal  modulus  Cg  and  the  transverse  modulus  were  calculated 
according  to 

I J 

ce  * pv2 

and 

„ 2 
Ct  = PVt  ‘ 

These  moduli  are  shown  in  Figs.  1 and  2 for  the  temperature  range  studied 
Errors  in  the  absolute  velocities  are  believed  to  be  about  one-half  per- 
cent or  less.  All  of  the  other  elastic  constants  that  are  used  to  de- 
scribe polycrystalline  aggregates  are  simply  related  to  these  two  moduli. 

The  moduli  considered  here  — the  shear  modulus  G,  Young's  modulus  E,  the 
bulk  modulus  B,  and  Poisson's  ratio  v are  given  by: 


(1) 

(2) 


G = 


V 


(3) 


E = 3C(Cg  - Ct)/(Cg  - Ct)  , 

B - CK  - 3 cf 

and 

v - \ (Cg  - 2Ct)/(Cg  - Ct). 

The  exastic  constants  obtained  from  these  relationships  are  shown  as 
functions  of  temperature  in  Figs.  3-5.  Values  of  the  elastic  constants 
at  selected  temperatures  are  given  in  Table  Til. 

The  temperature  variations  of  the  elastic  constants  can  be  described 
mathematically  in  various  ways.  In  thi9  case,  the  temperature  dependences 
of  both  C0  and  C were  fitted  to  a theoretical  relationship  suggested 
by  Varshni  f 3] : 


(5) 

(6) 


C = C° 


(7) 
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where  C is  any  elastic  constant  (C^  and  in  this  case)  , C , s,  and  t 
are  adjustable  parameters  and  T is  temperature.  The  value  of  C at 
T = 0 K is  C°,  and  -s/t  is  the  high- temperature  limit  of  the  temperature 
derivative  dC/dT.  By  invoking  an  Einstein  oscillator  model  of  solids, 
it  can  be  shown  (in  the  absence  of  electronic  effects)  that  t is  the 
Einstein  characteristic  temperature.  Parameters  C° , s,  and  t are  given 
in  Table  IV.  Room-temperature  values  of  the  temperature  coefficients 
ot  the  elastic  moduli  are  given  in  Table  V;  these  values  occur  in  the 
linear  high- temperature  region.  Average  differences  between  measured 
and  curve  values  are  0.03%  and  0.06%  for  the  longitudinal  and  transverse 
moduli,  respectively. 

The  elastic  Debye  temperature  0 can  be  calculated  from  the  elastic 
wave  velocities  by  [5]: 


where 


0 - K < v >, 


1/3 


(8) 

(9) 


Here  h is  Planck's  constant,  k is  Boltzmann's  constant,  N is  Avogadro's 
constant,  p is  the  mass  density,  and  A is  the  effective  atomic  weight. 
The  average  velocity  is  given  by 


< v > = 


+ 2v 


-3 

t 


3 


(10) 


The  elastic  Debye  temperatures  for  the  four  alloys  at  T = 0 K,  and 
also  for  unalloyed  aluminum  are  given  in  Table  VI. 
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5. 


DISCUSSION 


As  shown  by  the  data  in  Table  VI,  changes  in  the  elastic  constants 
of  aluminum  and  its  alloys  between  300  and  4 K are  about  four  percent 
for  B,  twelve  percent  for  E,  twelve  percent  ljr  G,  and  four  percent 
for  v.  These  changes  are  somewhat  larger  than  those  observed  in  alloys 
based  on  copper  cr  iron,  for  example.  Most  of  the  changes  occur  above 
about  100  K.  Below  this  temperature  the  elastic  constants  change  only 
slightly  with  temperature.  Thus,  any  changes  in  the  mechanical  behavior 
of  these  alloys  in  this  temperature  region  prcbably  cannot  be  ascribed 
to  an  elastic  origin. 

The  temperature  behavior  of  the  elastic  constants  of  the  aluminum 
alloys  reported  on  here  is  quite  regular  . The  regular  decrease  of  the 
moduli  with  increasing  temperature  and  the  relative  flatness  of  the 
modulus-temperature  curves  at  lower  temperatures  has  already  been  men- 
tioned. Also,  in  accord  with  the  third  law  of  thermodynamics,  the  slopes 
dC/dT  approach  zero  at  zero  temperature.  And  a linear  temperature  depen- 
dence is  exhibited  at  higher  temperatures,  those  higher  than  about  150  K, 
which  is  roughly  one-third  of  the  Debye  temperature.  Besides  indicating 
the  absence  of  magnetic  or  structural  transitions,  this  ideal  temperature 
behavior  suggests  that  the  anharmonic  properties  of  these  alloys  can 
probably  be  explained  by  a relatively  simple  model. 

These  alloys  were  not  examined  for  texture.  However,  texture 
would  have  little  effect  on  their  elastic  properties.  Aluminum  single 
crystals  are  only  slightly  anisotropic;  the  Zener  anisotropy  ratio  for 
aluminum  is  1.2;  it  is  1.0  for  the  isotropic  case.  Aluminum's  isotropy 
is  purely  accidental  since  aluminum,  because  of  its  three  valence  electrons, 
has  a large  band-structure  contribution  to  the  elastic  constants  [10], 

This  contribution  is  usually  anisotropic;  the  anisotropy  is  canceled  in 
the  case  of  aluminum  by  other  energy  terms.  Thus,  since  aluminum  single 
crystals  are  only  slightly  anisotropic,  even  a strongly  textured  poly- 
crystalline aggregate  of  aluminum  would  have  nearly  isotropic  elastic 
behavior. 

It  should  be  emphasized  that  the  data  reported  here  are  dynamic 
(adiabatic)  rather  than  static  (isothermal);  they  applv  strictly  to 
rapid  rather  than  slow  loading.  However,  the  differences  between 
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adiabatic  and  isothermal  elastic  constants  are  small.  They  become 
smaller  at  lower  temperatures  because  of  the  diminishing  thermal- 
expansion  coefficient,  and  they  vanish  at  zero  temperature.  Using 
formulas  given  by  Landau  and  Lifshitz  [6]  it  can  be  shown  for  aluminum 
at  room  temperature: 

B — b 

= 0.005  , = 0.045  (11) 

T 

GS  " GT 

= 0.020  , and  — — 0, 

Gs 

where  subscripts  S and  T denote  the  adiabatic  and  the  isothermal  cases, 
respectively.  For  E,  B,  v,  and  G,  these  corrections  are  typically  in 
the  ratio  1:9: 4:0  if  v has  a value  near  1/3. 

Effects  of  alloying  on  the  elastic  properties  of  aluminum  cannot  be 
accurately  determined  from  the  present  study  because  of  the  large  number 
of  alloying  elements  and  their  interactions.  Such  effects  have  been 
considered  elsewhere  f 11 ] . However,  some  general  observations  can 
be  made  concerning  alloying.  Disregarding  alloy  1100,  with  respect  to 
pure'  aluminum,  the  shear  modulus  and  Young's  modulus  increased  in  all 
cases  while  the  bulk  modulus  decreased,  and  by  a larger  percentage. 

Poisson's  ratio  decreased  in  all  four  alloys.  The  1100  alloy,  which 
contains  only  one  percent  of  impurities,  presents  an  interesting  case. 

The  data  indicate  that  while  the  shear  modulus  of  this  alloy  is  identical 
to  that  of  unalloyed  aluminum,  the  bulk  modulus  is  higher  by  about  five 
percent.  Since  the  bulk  modulus  is  not  measured  directly,  but  is  calculated 
from  the  difference  of  two  velocities  according  to  Equation  5,  a compounding 
of  errors  may  account  for  this  discrepancy.  If  the  effect  is  real,  then 
it  has  important  consequences  for  the  problem  of  averaging  single-crystal 
elastic  coefficients  to  obtain  the  bulk  modulus  of  a polycrystalline 
aggregate. 

Finally,  approximate  relationships  among  the  elastic  constants 
are  indicated.  For  all  of  the  alloys,  and  for  all  temperatures,  as  a 
first  approximation: 
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These  should  be  useful  for  many  engineering  purposes  where  only  rough 
numbers  are  needed  and  only  one  of  the  elastic  constants  is  known. 

CONCLUSIONS 

From  the  results  of  this  study  the  following  conclusions  are  drawn: 

1.  All  the  elastic  properties  of  aluminum  alloys  1100,  5083,  7005, 
and  7075  behave  regularly  with  respect  to  temperature. 

2.  For  all  alloys  studied,  the  temperature  behavior  of  both  and 
C can  be  described  accurately  by  a theoretical  relationship  suggested 
by  Varshni. 

3.  In  this  series  of  alloys,  alloy  5083  has  the  highest  Young's 
modulus,  the  highest  shear  (rigidity)  modulus,  and  the  lowest  Poisson's 
ratio.  Alloy  7005  has  the  highest  bulk  modulus. 
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Alloy 


Hardness 
(DPH  No., 
1 kg  load) 


Table  II.  Properties  of  the  alloys 
Mass  density  _ Co: 


Condition 


at  294  K,  g/cm 


1100 

28 

2.818 

Annealed  345°C; 

furnace  cooled 

5083 

78 

2.666 

Annealed  413°C, 

1/2  h;  furnace  cooled 

7005 

77 

2.779 

Annealed  400°C, 

3 h;  furnace  coo1ed 

7075 

67 

2.721 

Annealed  413°C, 

3 h;  furnace  cooled 
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5083 


8 

t 


1.151 

0.3067 


0.0926 

0.0381 


235.3 

206.7 


Table  VI.  Elastic  Debye  temperatures  at  T = 0 K 


Alloy 

eoc) 

1100 

426.2 

5083 

440.4 

7005 

425.9 

7075 

422.2 

Aluminum 

430.6* 

* Calculated  from  single-crystal  data 
in  reference  [4]. 
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Figure  5.  Temperature  variation  of  Poisson's  ratio 
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LOW- TEMPERATURE  ELASTIC  PROPERTIES  OF  FOUR  AUSTENITIC  STAINLESS  STEELS* 
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Abs  tract 

The  elastic  properties  of  four  austenitic  stainless  steels  — AISI  304, 

A1SI  310,  AISI  316,  and  A286  --  are  reported  over  the  temperature  range  300  to  4 K. 
These  properties  include:  longitudinal  modulus,  shear  modulus.  Young's  modulus, 
bulk  modulus  (reciprocal  compressibility),  Poisson's  ratio,  and  elastic  Debye 
temperature.  Elastic  constants  were  determined  from  measurements  of  longitudinal 
and  transverse  sound-wave  velocities  using  an  ultrasonic  (10  MHz)  pulse-super- 
pusition  method.  Measurements  were  made  in  the  absence  of  a magnetic  field;  these 
alloys  undergo  paramagnetic- to-antiferromagnetic  transitions  at  low  temperatures. 
For  all  four  alloys,  the  shear  modulus  behaves  regularly  with  respect  to  tempera- 
ture. The  other  elastic  constants,  all  of  which  have  a dilatational  component, 
decrease  anomalously  at  temperatures  below  80  K.  The  largest  anomaly,  about  3%, 
is  in  the  bulk  modulus  of  the  304  alloy;  this  modulus  is  lower  at  0 K than  at 
300  K.  Results  are  interpreted  on  the  basis  of  the  Dbring  effect,  which  results 
from  a large  volume  magnetostriction  in  the  magnetic  phase.  This  may  be  the 
first  report  of  a Doring  effect  in  antiferromagnetic  materials. 


Key  words;  Bulk  modulus;  chromium  alloys;  compressibility;  Debye  temperature; 
Doring  effect;  elastic  constants;  iron  alloys;  magnetic  transition;  nickel  allovs; 
Poisson's  ratio;  pulse-echo  method;  sound  velocity;  Young's  modulus. 


* (. ’’ntribution  of  NBS,  not  subject  to  copyright. 

* NRC-NBS  Postdoctoral  Research  Associate,  1973-4. 

+ Present  address:  Dow  Chemical  USA,  Rocky  Flats  Div. , Golden,  CO  80401. 


243 


•I  Zs- 


LOW- TEMPERATURE  ELASTIC  PROPERTIES  OF  FOUR  AUSTENITIC  STAINLESS  STEELS 


H.  M.  Ledbetter,  W.  F.  Weston,  and  E.  R.  Naimon 

Cryogenics  Division,  Institute  for  Basic  Standards,  National  Bureau  of 
Standards,  Boulder,  Colorado  80302 

I.  INTRODUCTION 

Austenitic  stainless  steels  are  attractive  materials  for  mechanical  appli- 
cations at  low  temperatures.  Primarily,  this  is  due  to  their  having,  at  room 
temperature,  a face-centered  cubic  (fee)  crystal  structure.  Metals  having  this 
crystal  structure  usually  do  not  become  brittle  at  lower  temperatures.  In 
general,  steels  that  remain  austenitic  at  cryogenic  temperatures  show  increased 
tensile  strength,  a smaller  increase  in  yield  strength,  and  little  change  in 
ductility.  However,  it  is  not  axiomatic  that  fee  materials  will  always  perform 
well  at  low  temperatures.  For  example,  lower  temperatures  may  promote  a change 
of  the  crystal  structure  from  fee  to  body-centered  cubic  (bcc)  or  to  close-packed 
hexagonal  (eph) , thus  probably  embrittling  the  material.  Other  changes  such  as 
atomic  ordering  or  magnetic  ordering  may  also  occur  at  low  temperatures;  these 
also  affect  mechanical  behavior.  Thus,  the  nature  and  the  magnitude  of  a 
material's  low-temperature  properties  cannot  be  predicted  a priori  from  room- 
temperature  observations,  and  there  is  no  substitute  for  careful  low-temperature 
experimental  determinat i ms  of  the  important  properties  of  each  material  of 
interest . 

Gilman^  concluded  tlat  "the  most  important  mechanical  characteristic  of 
a crystal  is  its  elastic  modulus."  While  its  significance  may  often  be  obscured 
by  impurities,  mil  restructure,  grain  boundaries,  residual  stresses  and  strains, 
and  temperature,  it  nevertheless  remains  fundamental  to  a mateiial's  mechanical 
behavior.  Trends  in  elastic  constants  can  be  correlated  with  phase  instabilities 
changes  in  crystal  structure  are  generally  accompanied  by  discontinuities  in  the 
elastic  constants.  Higher-order  phase  transitions  such  as  order-disorder  and 
nonmagnet ic -magnet ic  also  exhibit  elastic  anomalies.  From  elastic  constant  data, 
information  on  interatomic  potentials  can  be  deduced;  similarly,  the  validity  of 
proposed  interatomic  potentials  can  be  accurately  tested  by  calculating  elastic 
constants  from  them  and  comparing  results  with  observation.  By  invoking  a model. 


interatomic  force  constants  can  be  derived  from  the  elastic  constants;  the 
force  constants  ar;  fundamental  in  that  they  describe  directly  the  strength 
of  interatomic  "bonds."  Debye  characteristic  temperatures  can  be  calculated 
simply  from  elastic  constant  data;  the  Debye  temperature  relates  in  tum  to 
a wide  variety  of  solid-state  phenomena  including  atomic  diffusion,  lattice 
thermal  conductivity,  sound  velocities,  vibrational  entropies,  zero-point 
energies,  electrical  conductivity,  Bragg-ref lection  intensities,  atomic  vibra- 
tional amplitudes,  and  melting.  Also,  Gruneisen  parameters  can  be  calculated 
from  higher-order  elastic  constants;  these  relate  in  turn  to  a variety  of 
anharmonic  solid-state  properties,  such  as  thermal  expansion  and  attenuation 
of  acoustic  waves  in  solids.  Besides  the  examples  cited  above,  other  metallurgical 
problem  areas  where  elastic  constants  play  a key  role  include:  theories  of  solid- 
solution  strengthening,  alloy  development,  models  of  maximum  ultimate  strength, 
and  dislocation  models  of  plastic  behavior,  a dislocation  description  often  in- 
volves the  shear  modulus  and  Poisson's  ratio. 

The  same  elastic  constants  that  are  related  to  fundamental  interatomic  forces 
in  solids  are  also  used  in  engineering  design.  For  example,  Poisson’s  ratio  is 
an  essential  design  parameter  in  problems  of  plate  buckling  or  of  pressure-vessel 
design.  Young's  modulus  and  Poisson’s  ratio  are  required  if  plane-stress  data 
and  plane-strain  data  are  to  be  interconverted , a technique  used  often  in  the 

elastic  stress-strain  analysis  of  solids. 

In  this  paper,  the  dynamic  zero-magnetic-field  elastic  properties  of  four 
austenitic  stainless  steels  --  commonly  designated  AISI  304,  AISI  310,  AISI  316, 
and  A286*  — are  reported  between  300  and  4 K.  These  properties  include, 
longitudinal  modulus,  shear  modulus,  Young's  modulus,  bulk  modulus  (reciprocal 
compressibility),  and  Poisson's  ratio.  These  elastic  constants  were  determined 
dynamically,  by  measuring  the  velocity  of  longitudinally  polarized  and  transversely 
polarized  ultrasonic  (10  MHz)  pulses  propagating  through  polycrystalline  specimens 
of  conmercial  as-received  alloys.  At  low  temperatures,  elastic  anomalies  were 
observed  in  all  four  materials.  These  are  believed  to  be  associated  with  transi- 
tions to  antiferromagnetic  states.  A magneto-elastic  interpretation  of  the 
anomalies  is  given. 


* This  tradename  is  used  to  describe  the  material;  its  use  does  not  imply  an 
endorsement  by  NBS  of  a particular  product. 
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II.  EXPERIMENTAL 


A.  Specimens 

Materials  were  obtained  from  commercial  sources  in  the  form  of  3/A  - in 
(1.9  - cm)  diameter  rods.  Tneir  chemical  compositions  are  given  in  Table  I. 

Hardness  and  mass-density  data  on  the  alloys  are  given  in  Table  II.  Hardnesses 
were  measured  by  standard  metallurgical  methods,  and  mass  densities  were  mea- 
sured by  Archimedes’s  method  using  distilled  water  as  a standard.  Materials 

were  tested  in  their  as-received  conditions.  Samples  were  prepared  by  grinding 

-A 

cylinders  1/2  - in  (1.2  - cm)  thick  with  faces  flat  and  parallel  within  10  in 
(2.5  pun). 

B.  Procedures 

2 3 

A pulse-superposition  ’ method  was  used  to  measure  the  longitudinal  and 
transverse  sound-wave  velocities  between  room  temperature  and  liquid-helium 
temperature.  The  specimen  holder,  which  was  described  previously  , was  placed 
in  the  ullage  of  a helium  dewar  and  lowered  (raised)  stepwise  to  achieve  cooling 
(heating).  Measurements  were  made  semi- continuously  on  cooling,  and  a few  points 
were  checked  on  heating  to  verify  reversibility.  Temperatures  were  measured  by 
a chromel- cons  tan tan  thermocouple  contacting  the  specimen.  Quartz  transducers 
(10  Mlz)  were  bonded  to  the  specimens  with  phenyl  salicylate  for  room- temperature 
measurements  and  with  stopcock  grease  for  lower  temperatures.  No  bond  corrections 
were  made  since  these  are  insignificant  for  present  purposes.  No  thermal-contrac- 
tion corrections  were  made;  for  the  alloys  of  interest  this  introduces  a maximum 
error  of  0.3%  over  the  300  K temperature  range.  Maximum  uncertainties  in  the 
absolute  velocity  measurements  are  estimated  to  be  about  one  percent.  The  impre- 
cision in  the  relative  velocities  is  a few  parts  in  10^. 

III.  RESULTS 

Longitudinal  and  transverse  moduli  are  shown  in  Figs.  1 and  2 as  a function 
of  temperature.  The  longitudinal  modulus  Cg  is  given  by 

c,  ■ PVj  . <>> 

where  p is  the  mass  density  and  Vg  is  the  longitudinal  wave  velocity.  The  transverse 
modulus  Ct  is  identically  equal  to  the  shear  modulus  G and  is  given  by 
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Ct  = G = pvT  , 

where  v is  the  transverse  wave  velocity.  Young's  modulus  E is  given  by 


E = 3Ct(Cc  - ^ Ct)/(Cfi  - Ct) 


(3) 


and  is  shown  in  Fig.  3.  The  bulk  modulus  B,  or  reciprocal  compressibility,  is 
given  by 


B = cc  - i ct 


(4) 


and  is  shown  in  Fig.  4.  Poisson's  ratio  v is  given  by 


v ' 2 «t  - 2V/(C«  ' V 


(5) 


and  is  shown  in  Fig.  5. 

Temperature  dependences  of  both  Cp  ard  C were  fitted  to  a semi-theoretical 

5 x t 

relationship  suggested  by  Varshni  : 


C = 


(6) 


where  C° , s,  and  t are  adjustable  parameters  and  T is  temperature.  The  value 
of  C at  T = 0 K is  C° , and  -s/t  is  the  high- temperature  limit  of  the  temperature 
derivative  dC/dT.  By  invoking  an  Einstein  oscillator  model  of  solids,  it  can 
be  shown  (in  the  absence  of  electronic  effects)  that  t is  the  Einstein  character- 
istic temperature.  Parameters  C°,  s,  and  t are  given  in  Table  III.  Of  course, 
the  low- temperature  elastic  anomalies  are  not  described  by  Eq.  (6),  which  describes 
the  extrapolated  higher-temperature  behavior  shown  as  dashed  lines  in  the  figures. 
Temperature  coefficients  of  the  elastic  constants  at  room- temperature  are  given 
in  Table  IV. 

Elastic  Debye  temperatures  were  calculated  for  both  the  anti  ferromagnetic 
and  the  extrapolated  paramagnetic  states,  and  these  are  given  in  Table  V.  The 
elastic  Debye  temperature  9 is  related  to  the  average  sound-wave  velocity  accord- 
ing to 


9 = K <v) 
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(7) 
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temperature  below  which  anomalous  elastic  behavior  is  observed  (80  K) . Short- 
range  magnetic-order  effects  have  been  discussed  by  Schlosser  for  face-centered 
cubic  iron-nickel  alloys.  Changes  of  crystal  structure  are  probably  not  the  cause 
of  the  anomalies  since  the  changes  were  observed  to  be  reversible  within  experi- 
mental error;  changes  of  elastic  constants  due  to  crystal-structure  changes  are 
generally  irreversible,  showing  a particularly  large  hysteresis  in  iron-base  alloys. 
The  elastic  constants  reported  here  showed  a reversible  behavior  and  indicate  that 
the  magnetic  transition  occurs  smoothly  over  a range  of  temperatures  rather  than  at 
a unique  transition  temperature.  Thus,  the  transition  seems  to  be  of  the  second- 

. . 10 

order  type. 

The  usual  so-called  AE  effect,  better  designated  AE^,  due  to  linear  magneto- 
striction strains  induced  by  an  applied  stress,  and  usually  interpreted  by  invoking 
a Weiss  domain  model  (with  domain  rotations  and  domain-wall  motions)  can  also  be 
excluded  as  a possible  source  of  the  anomalous  elastic  behavior.  Linear  magneto- 
striction affects  Young's  modulus,  the  shear  modulus,  and  Pcisson's  ratio,  but  it 
does  not  affect  the  bulk  modulus  because  no  magnetomechanical  process  will  respond 
to  the  application  of  a hydrostatic  stress.  Also,  effects  due  to  AE^  are  not 
observed  at  high  frequencies^  because  the  domain-wall  displacements  cannot  follow 
the  applied  stress,  and  therefore  cannot  contribute  an  additional  strain  that 
lowers  the  observed  elastic  stiffness.  Thus,  for  present  purposes,  a high-frequency 
applied  stress  is  essentially  equivalent  to  applying  a saturating  magnetic  field; 
both  nullify  domain-wall  contributions  to  the  strain. 

In  the  presence  of  a saturating  magnetic  field  (or  its  effective  equivalent), 

the  only  magnetic  effect  that  alters  E,  B,  and  v without  affecting  G is  the  effect 

due  to  spontaneous  volume  magnetostriction.  This  effect  is  designated  AE^,  where 

CD  = (v  - V )/V  is  tne  spontaneous  volume  magnetostriction,  V is  the  total  volume, 

P P 

and  V is  ihe  volume  in  the  paramagnetic  state.  The  effect  was  first  reported  by 
Pi  Q 14 

Engler  for  an  Fe-42  Ni  alloy.  It  was  explained  first  by  Doring  using  a thermo- 
dynamic analysis.  Herein,  this  phenomenon  will  be  called  the  Doring  effect.  Doring 
reasoned  that  in  the  paramagnetic  region  the  elastic  constant  is  measured  at  constant 
magnetization  M,  while  in  the  ferromagnetic  or  antiferromagnetic  region  the  elastic 
constant  is  measured  at  constant  magnetic  field  H.  Doring  showed  that  the  magnitude 
of  the  anomaly  in  the  Young's  modulus  is  given  by: 


*■£«_«  "t 


AEJE2  * (1/E)m  - (1/E)h  - - | <3uV9H)2jT/OM/aH)0>T  , (10) 

where  duV3H  Is  the  forced  volume  magnetostriction  due  to  the  magnetization, 

3M/9H  Is  the  high-fleld  susceptibility  X.  E2  Is  and  o Is  the  tensile  stress. 

An  alternative  derivation  of  Eq.  (10)  was  given  by  Hausch15  The  factor  of  /9 
in  Eq.  (10)  is  really  (1  - 2v)2  where  v Is  Poisson's  ratio16;  thus,  1/9  applies 
strictly  only  when  v - 1/3.  From  the  data  In  Fig.  5,  v ranges  from  0.27  to  0.31 
for  the  materials  and  temperatures  c*  Interest  here;  thus  1/9  should  be  replaced 
by  0.17  as  an  average  value  for  present  purposes.  It  should  be  noted  that  the 
Doring  effect  always  lowers  the  moduli  (E^  > Ejj).  wheth*r  the  volume  magneto- 
striction is  positive  or  negative.  This  Is  related  to  the  fact  that  a relaxation 
mechanism  is  involved  in  going  to  an  antiferromagnetic  state,  and  such  mechanisms 
always  soften  the  elastic  stiffnesses.  The  Doring  effect  in  lron-nlckel  alloys 
was  discussed  by  Koster12  who  denoted  It  as  AE^  rather  than  as  AE^.  The  effect 
has  been  invoked  by  several  authors  to  explain  elastic  anomalies  in  magnetic  materials, 

usually  of  the  invar  type.  Hausch15  criticized  the  relevance  of  the  Doring  effect 

1 ft 

in  most  of  these  cases.  Schlosser  discussed  the  magneto- volume  contribution  to  the 

corp  r ■‘ssibility  of  invar,  but  Hausch15  showed  that  an  exchange-energy  contribution 

is  al  o required  in  this  case.  The  present  data  for  iron-chromium-nickel  (stainless 

ste^l)  alloys  seem  to  constitute  a clear  case  of  the  Doring  effect. 

If  the  Doring  effect  is  responsible  for  the  elastic  anomalies  observed  in 

stainless-steel-type  alloys,  then  AE^  calculated  from  Eq.  (10)  should  agree  roughly 

with  the  magnitude  of  the  observed  anomalies.  Apparently,  the  volume  magnetostriction 

15 

of  these  alloys  has  not  yet  been  determined.  Using  data  for  invar,  an  iron  alloy 
containing  about  35  pet.  Ni  and  having  the  same  crystal  structure  as  the  alloys 
considered  here,  it  is  calculated  from  Eq.  (10)  that  AE^E  » - 1.4  x 10  cm  /dyn. 

For  the  304  stainless  steel  alloy,  the  present  results  give  for  the  bulk  modulus 
AE/E2  = - 0.2  x 10-14  cm2/dyn.  Thus,  the  observed  anomalies  show  a reasonable  corre- 
spondence to  the  magnitude  of  the  predicted  Doring  effect.  A more  exact  correspondence 
could  be  established  if  the  volume  magnetostrictions  of  these  alloys  were  known. 

!f  the  Doring  effect  is  the  correct  interpretation  of  the  data,  then  the  volume 
magnetostriction  of  these  alloys  must  be  quite  large  since  it  is  large  in  invar— type 
alloys.  Besides  invar  and  other  iron— nickel  alloys,  large  magneto— volume  effects 
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have  also  been  observed  in  iron-manganese,  iron-palladium,  iron-platinum,  and 
19 

iron-cobalt  alloys.  A quantitative  correspondence  is  also  precluded  because 

the  alloys  reported  on  here  were  studied  in  mechanically  deformed  states.  Roster^2 

showed  that  the  AE  effect  depends  sensitively  on  metallurgical  variables.  The 

usual  AE  = AE^  effect  is  usually  suppressed  by  mechanical  de format if1-  No  studies 

seem  to  have  been  made  on  the  effect  of  mechanical  deformation  on  L. •„  . It  would 

co 

be  expected  that  the  AE,  effect  will  be  enhanced  in  annealed  materials  since  the 

co 

residual  stresses  due  to  mechanical  deformation  would  not  interfere  with  domain- 
wall  motions. 

The  best  parameter  for  evaluating  the  Doring  effect  is  the  bulk  modulus, 
which  characterizes  purely  dilatational  elastic  distortions.  Shear  distortions 
are  isovolumic  and  should  not  change  the  magnitude  of  the  magnetization.  Young's 
modulus  and  Poisson's  ratio  are  less  satisfactory  parameters  in  this  case  because 
they  depend  more  on  shear  distortions  than  on  dilatational  distortions.  Using 
the  familiar  relationship 

E = 9GB/ (G  + 3B) , (11) 

it  follows  from  Eq.  (10)  that  the  defect  in  the  bulk  modulus  due  to  the  Doring 
effect  is 

AB^B2  = (1/B)m  - (1/B)h  - - 9(1  - 2v)2(aco/aH)2>T/(9M/aH)o>T,  (12) 

2 

where  B = B B and  P is  pressure.  And  from  the  relationship 
H M 

v = r E / ( 2G) ] - 1,  (13) 

it  follows  that 

2 

AV(yv2  = - 1 j V (1  - 2V)'  (9u/9H)2yOM/9H)o>T,  (14) 

v E 

and,  of  course,  AG  =0. 

10  20 

Alers,  Neighbors,  and  Sato  have  discussed  the  Doring  effect  as  arising 
from  the  change  in  spontaneous  magnetization  due  to  volume  changes  resulting 
from  the  measurement  process  itself.  Thus,  this  effect  is  not  an  intrinsic  part 
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of  the  magnetization  change,  and  it  is  not  related  fundamentally  to  the  inter- 
atomic magnetic  interaction.  This  is  also  clear  from  the  work  of  Hausch}5  who 
considered  the  Doring  effect  to  be  due  to  a stress-induced  change  in  the  magneti- 
zation intensity.  (The  usual  fundamental  magnetic  energy  terms  are  the  exchange, 
anisotropy,  raagnetoelas t ic , and  magnetostatic  ; the  latter  vanishes  for  zero 
external  field.)  Since  the  elastic  constants  only  have  a practical  meaning  when 
they  are  being  "measured,"  either  in  the  laboratory  or  in  a stress-bearing  structure 
the  viewpoint  of  Alers  et  al.  does  not  mean  that  the  dashed  curves  in  the  figures 
are  a more  appropriate  measure  of  the  elastic  constants.  The  thrust  of  the  con- 
siderations of  Alers  et  al.  is  that  there  is  no  fundamental  interatomic  inter- 
action that  would,  if  accounted  for,  predict  the  Doring  affect.  Recall  that  any 
energy  term,  magnetic  or  not,  contributes  to  the  elastic  constants  through  its 
second  spatial  derivative.  For  the  Doring  effect  there  is  an  "extra"  or  "extrinsic" 
negative  elastic  constant  that  is  not  related  to  a fundamental  energy  term  of 
the  material.  The  more  familiar  AE  = AE^  effect  is  also  not  a fundamental  magnetic 
effect  in  the  sense  discussed  here. 

It  is  interesting  to  note  that  if  S and  T are  substituted  for  M and  H in 
Eq.  (12),  then 


AB/B2  = (1/B)  - (1/B)  = - Ttt2/C  , 

b T p 

22 

which  is  a standard  thermodynamic  result,  where  a = (1/V)  (9V/3T)  and  C = TOS/9T) 

P P 

This  emphasizes  the  value  of  the  thermodynamic  approach  to  phenomena  such  as  "he 
Doring  effect  and  suggests  other  thermodynamic  correlations.  For  example,  from 
the  well-known  relationship 

v»t  ■ yv  «« 

where  C ^ = T(9S/9T)v>  the  corresponding  relationship  in  magnetic  variables  is 

em/bh  ■ vV  <”> 

Thus,  a model  connecting  and  Xy,  the  constant-pressure  and  constant-volume 
susceptibilities,  would  permit  an  estimate  of  the  magnitude  of  AB^. 


1 

i 


(15) 


252 


It  was  suggested  by  Hayes  and  Miodownik/-3  that  both  AE^  and  AB^  are  propor- 
tional to  B . The  present  data  do  not  support  this  suggestion,  but  the  effect 
could  be  masked  b>  random  errors  arising  from  inhomogeneities,  mechanical  deforma- 
tion, absence  of  a technically  saturating  magnetic  field,  etc. 

Of  the  four  alloys,  the  smallest  elastic  anomalies  were  observed  in  the  310 
alloy  and  in  the  A286  alloy.  These  materials  have  a much  higher  nickel  content. 

Thus,  it  is  suggested  that  in  stainless-steel-type  alloys  the  effect  of  nickel  is 
to  reduce  the  volume  magnetostriction  but  not  to  suppress  the  occurrence  of  the 
antiferromagnetic  phase. 

The  desirability  of  further  studies  on  these  alloys,  especially  with  respect 
to  the  Doring  effect,  is  indicated.  Ideally,  carefully  prepared  alloy  single 

crystals  would  be  tested  in  magnetic  fields. 

Since  changes  in  elastic  constants  are  usually  accompanied  by  significant 
changes  in  internal  friction,  it  would  also  be  interesting  to  study  the  low-tempera- 
ture anelastic  properties  of  these  alloys.  The  magnitude  of  the  mechanical  damping 
determines  the  magnitude  of  stresses  established  in  vibrating  parts.  And  all  of 
these  alloys  are  candidate  materials  for  low-temperature  uses  where  vibrations  may 
occur.  Magnetomechanical  hysteresis  has  already  been  established  as  an  important 
damping  mechanism  in  ferromagnetic  materials. 

V.  CONCLUSIONS 

From  the  results  of  the  present  study  the  following  conclusions  are  drawn: 

1.  Stainless-steel  alloys  AISI  304 , AISI  310,  AISI  316,  and  A286  have  qualitatively 
similar  elastic-property  variations  with  temperature. 

2.  The  shear  modulus  behaves  regularly  over  the  entire  temperature  range  studied. 

3.  The  elastic  constants  with  dilatational  components  — Young's  modulus,  the 
longitudinal  modulus,  the  bulk  modulus,  and  Poisson's  ratio  --  behave 
regularly  above  about  80  K,  but  anomalously  at  lower  temperatures.  The 
anomalies  are  largest  for  the  bulk  modulus  and  smallest  for  Young's  modulus. 

4.  The  anomalies  are  largest  in  the  AISI  304  and  AISI  316  alloys  and  smallest 
in  the  ATSI  310  and  A286  alloys.  A relationship  between  the  magnitude  ot 
the  anomaly  and  nickel  content  is  suggested. 

5.  As  suggested  first  by  Dbring,  the  anomalies  can  be  interpreted  thermodynamically 
as  the  difference  between  constant-magnetization  and  constant-field  bulk  moduli. 
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Alloy 

Mass  density 

Hardness 

(g/cm3) 

( DPHN , 1 kg  load) 

304 

7.86 

225 

310 

7.85 

220 

316 

7.97 

210 

Li 

Li 


a. 


1 

: 


.286 


7.95 


275 


[ 


! 


Table  IV.  Temperature  coefficients  of  the  elastic  constants  at  room 

-4  - 1 

temperature  (10  K ) 

— b 1 ' ■ ■ — ^ «-  ■ ■ » 11  ’ 11 

1 dB  l_  dE  J_  dG  1 dv 

A11°V  B dT  E dT  G dT  v dT 


U 


.78 

.45 

.89 


.81 


Table  V.  Elastic  Debye  temperatures  at  T = 0 K 


Alloy 

0 (K) 
magnetic 

e (K) 

extrapolated  paramagnetic 

304 

467.  8 

468.  1 

310 

459. 0 

459.  0 

316 

496.  7 

496.  8 

A286 

467.  6 

467.7 

Iron  (bcc)a 

472.4 

. b 

Chromium 

453.0 

Nickela 

476.0 



a R.  Wanner,  Can.  J.  Phys.  4J&,  1270  (1970). 
b F.  H.  Herbstein,  Adv.  Phys.  _1£»  313  U96l). 
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t'inpi“ rature  dependence  of  the  transverse  (shear)  moduli 

i four  i.tainless-stecl  alloys. 


iperature  dependence  of  the  bulk  moduli  (reciprocal 
possibilities)  of  four  stainless -steel  alloys. 
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Figure  5.  Temperature  dependence 
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Sound  velocities  Mid  elastic  constants  vvere  determined  semicontinuously  for  two 
annealed  polycrystalline  titanium  alloys  Detween  4 and  300  K Results  are  given  for: 
longitudinal  sound  velocity,  transverse  sound  velocity.  Young's  modulus,  shear  modulus, 
hulk  modulus.  Poisson's  ratio,  and  elastic  Debye  temperature.  A pulse-superposition 
technique  was  used. 


Elastic  properties  of  two  titanium  alloys  at  low 
temperatures 

E.  R.  Naimon,  W.  F.  Waston,  and  H.  M.  Lad  better 


iK'spiiv  (lie  fact  that  titanium  alloys  Ti-AA I -4V  and 
Ti-5A 1 -2.5Sn  aie  imcmictl  mainly  lor  high  str  tigtli.  high 
temperature  applications,  they  also  have  cryogenic  uses. 

Their  important  properties  include:  ease  of  fabrication, 
corrosion  resistance,  high  strength-to-densiiy  ratios 
(especially  at  cryogenic  temperatures),  and  high  slrength-lo- 
•hernial-conduclivity  ratios. 

The  low  temperature  elastic  properties  of  these  alloys  are 
reported  here.  A pulse-superposition  method  was  used  to 
determine  the  ultrasonic  wave  velocities  in  annealed 
specimens.  I rom  longitudinal  and  transverse  wave  velocities, 
together  with  the  mass  density . the  elastic  constants  were 
calculated  N dung's  modulus,  shear  modulus,  hulk  modulus 
(reciprocal  compressibility  I.  Poisson's  ratio,  and  the  elastic 
Debye  temperature.  These  constants  are  useful  in  a wide 
satiety  ol  applications,  from  engineering  design  to  equations 
ol  stale  lot  solids. 


A pulse-super  posit  ion  method  ' - was  used  to  determine  the 
sound-wave  velocities  over  the  temperatuie  range  4 ,5lM)  k. 
No  thermal  contraction  corrections  were  made,  lot  titanium 
alloys  this  introduces  a maximum  error  (ovet  a TOO  k range) 
ol  about  0.2'!.  No  bond  corrections  weie  made,  this  eiroi 
is  insignificant  foi  the  purposes  of  the  piesent  study.  Maxi- 
mum uncertainties  m the  velocity  measurements  aie  estimated 
to  he  about  l'». 

Results 

Longitudinal  and  tiansversc  sound-wave  velocity  data  aie 
shown  in  figs  2 and  T.  where  the  longitudinal  modulus  is 
given  by 

4 

C|  s pi'f  = R + (i  til 


Experimental  procedures 


and  the  transverse  modulus  is  given  by 


Alloys  were  obtained  Irom  connneicial  sources  in  the  form 
ol  i in  ( I .l|  cm  I diameter  rods.  Cylindrical  specimens  in 
( I (>  am  m diamctc!  and  '/*  in  ( I (i  cm)  long  weie  prepared 
by  grinding  Opposite  laces  were  Hat  and  parallel  within 
l(M)  x 10  " in  (2  > ptnl.  Specimens  were  annealed  at  a pres- 
suie  ol  x x 10  " torr.  or  less,  and  cooled  hi  the  furnace. 
Annealing  limes  and  lempeialures  are  given  in  Table  I . lo- 
getliei  with  chemical  compositions  (obtained  front  null 
analyses),  hardness  mimbcis.  microstruclurcs.  grain  si/es. 
and  mass  densities.  Ilaiduess.  microstiuclurc.  and  gram  st/e 
weie  deteir, lined  In  standard  metallurgical  methods.  Mass 
density  was  detei mined  by  Archimedes' method  using  dis- 
tilled water  as  a standard 

I he  specimen  holder  is  shown  in  fig.  I . The  holder  was 
placed  m the  ullage  of  a helium  dewar  and  lowered  stepwise 
to  achieve  cooling.  Temperatures  were  monitored  with  a 
chiomel  cotisiaiilan  thermocouple  contacting  the  specimen. 

Ou.nl/  tiaiisihiceis ( 10  Mil/)  weie  bonded  to  the  specimens 
with  phenyl  salicylate  loi  loom-temperature  measurements 
and  willi  a stopcock  grease  loi  lower  temperatures  In  a lew 
cases.  I.nlure  ol  these  bonds  at  very  low  temperatures  le 
quiicd  using  a silicone  lluid  I vise ositx  2(M)  (MM)  c I’ at  25  ( ) 
lor  bondin'. 

The  authors  are  with  the  Cryogenics  Division,  Institute  for  Basic 
Stanitarrfs.  National  Bureau  ol  Standards.  Boulder.  Colorado  80302. 
USA  CRN  . nd  WFMf  are  NRC  NBS  Postdoctoral  Resear cn 
Associates  for  1973-74.  Received  28  December  1973. 
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Table  1 Compositions  and  properties  of  alloys 


Chemical  composition,  mill  anaiytat,  mm  % 
L J Alloy  Ti  Al  V Sn  Fa  C 

N 

H 

Hardness 

IOPH  No  Gram  sue. 

1000  9 load)  average  dia. 

Mass  density 
at  294  K. 
mm  9 cm'1 

Conditions  Micfost'uctu 

1i6AI4V  Balance  6.2 

E 

4.0  - 

0.1 

0.01 

0.01 

0.01 

120 

0005 

4.42 

Annealed  Equid»vJ 

(800  C.  2 h)  alphd  gidiib 
with  mtei 
9>anu!.  ‘mm.i 

T.  5AI  2 5Sn  Balance  5.5 

| 

2.5 

0.2 

0 07 

0.02 

330 

002 

447 

Annealed  Equat'd 

(816  C,  h>  aipha  91  .nn% 
in  d mottled 
dark  etching 

(Krolt's  »tf 

agent  > mdin* 
phase.  pro 
bahly  Jtu.u  .i' 
.ilph.t 


M 3 T fdmweiseoi  >*»ar  modulus  C|  G #»*t‘  ol  two  titanium 

alloys 


Table  2 Parameter*  m enu  alien  3 


C°.  s. 

r. 

Alloy 

Mode  10"  Nm  ? 10"  N m 

1 K 

Ti  6A1  4V 

pvt1  1.688  0.085 

213  7 

pvt1  0.467  0.039 

183  G 

T.-5A1  2.5Sn 

pv\3  1.716  0.085 

208  8 

pvt1  0.470  0.051 

210.4 

T able  3 T emperature  dorrvntrvgv  of  elastic  constants  at 

room  temperature  ( 10*4  K'1) 

Alloy 

1 tiB  1 df  1 dG 

1 dr 

b ar  e dr  g ar 

r d7 

T16AI  4V 

-1.01  -4.44  -4  90 

1 89 

Ti-5A1-2.r-Sn 

-0.75  -4.99  5 55 

2 26 

Pure  T 1 * 

-0.93  -6  63  7 15 

2.80 

'Calculated  from  data  in  reference  b using  a Vinyl  Heuss  Hill 

average 

Hoc  1 1 and  i | arc  flic  longitudinal  anJ  transverse  sound 
wave  velocties.  p is  the  mass  density,  H is  the  hulk  inodul.i 
and  ir  is  the  shear  modulus. 

Temperature  dependences  of  built  C|  and  ( i were  lined  !>■ 
semi-theoretical  relationship  suggested  h>  Varslnn  1 


C-C 


gl/T  | 


whcicC  . s.  and  > aie  adiusiahle  paiaiueleis  and  I is 
tempciafuic.  The  value  ot  ( ' al  /'  OKis<  .and  \i  ' 
the  Ineli  lempeialiire  liiutl  ot  the  lentperaluie  dcuvaiivc 
df.'d/.  My  invoking  ail  l inslcin  oscillaloi  mode!  .■! 

II  can  he  slum u ( in  the  absence  "I  elc.  Monk  el  Ic  I > i 
/ is 'lie  I uisieiu  cliaia> tenslk  lemperalmc  I’.iunu!  , 
v and  t aie  given  in  table  Koom  lenipciatmc  values 
life  lenipeijline  cik'llicienls  ill  life  elastic  moduli  .11.  ,r.. 
in  lahle 


is, 
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Curves  in  Figs  2 and  3 are  plots  of  (3)  determined  by  an 
unweighted  least-squares  fit  of  the  data.  Average  percent- 
age differences  between  measured  and  curve  values  are 
0.03  and  O.O"7'5?  for  the  longitudinal  anu  transverse  moduli, 
respectively 

While  polycrystalline  aggregates  (quasi-isotropic  solids)  h.  ze 
only  two  independent  elastic  constants,  several  constants  a : 
commonly  used  lor  various  applications.  The  four  most 
common  are  the  bulk  modulus  B,  Young’s  modulus  f,  , the 
shear  modulus  G , and  Poisson’s  ratio  v.  The  relationships 
among  these  are 


h 36’  9fl 


(4) 


and 


v - 


F 
2 G 


(5) 


These  elastic  constants  were  calculated  from  the  moduli 
shown  in  Figs  2 and  3 by  the  relationships 


/ 4 \ 

3C, 

UJ  1 

0 

F = 

(6) 

q c, 

4 

11  = Q 

d 

3C* 

(7) 

1 / 

'q  2ct\ 

"‘2  ( 

\ q q/ 

(8) 

and 


The  constants  F,  H.  and  v are  shown  in  Figs  4-6. 

The  elastic  Debye  temperature  0 is  of  fundamental  import- 
ance in  the  lattice  properties  of  solids  and  is  i elated  to  the 
elastic  wave  velocities  by  4 


0 = K <i’> 
where 

h 


A = 


/TVp\ 

\4tt/1  / 


i/J 


(9) 


(10) 


Here  h is  Planck’s  constant,  k is  Boltzmann’s  constant.  A'  is 
Avogadro’s  constant,  p is  the  mass  density,  and  A is  the 
atomic  weight  The  average  velocity  is  given  by 


<!■: 


= ^r'  + y/.i 


(11) 


1 lie  Debye  temperatures  for  the  two  alloys  at  /'  = 0 K,  and 
also  for  pure  titanium,  are  given  in  Table  4. 

Discussion 

The  elastic  properties  of  both  Ti-6A1-4V  and  Ti-5AI-2.5Sn 
behave  regularly  with  respect  to  temperature.  All  of  the 
elastic  moduli  ((’j  C’t  = G,  B,  I- ) decrease  with  increasing 


Table  4 Elastic  Debye  temperatures  at  T = 0 K 


Alloy 

0,  K 

Ti  6A1-4V 

418.1 

Ti-5A1-2.5Sn 

416.9 

Pure  Ti 

425.7* 

•Reference  5 

temperature,  show  a relative  flatness  at  low  temperatures, 
achieve  zero  slope  at  3 - 0,  and  approach  linear  behaviour 
at  high  temperatures.  Poisson’s  ratio  also  behaves  regularly, 
having  a positive  temperature  coefficient 

Assuming  that  the  specimens  studied  are  representative  of 
the  two  alloys,  then  conclusions  concerning  their  relative 
elastic  behaviour  can  be  drawn.  Not  surprisingly,  as  shown 
in  Figs  2-6  and  Tables  2 and  3,  for  most  practical  purposes 
the  two  alloys  are  elastically  identical.  Thus,  whether  the 
second  alloying  element  is  vanadium  or  tin,  the  elastic- 
properties  are  essentially  the  same. 

As  is  well  known,  titanium  undergoes  a eph  to  bee  (a  to  (3) 
crystal-structure  transition  when  heated  to  1 155  K.  Fisher 
and  Renken  s found  a large  temperature  dependence  of  the 
<66  shear  modulus  in  titanium 


1 d<'66 

liT 


1.93.x  lO'4  K’1 


1 66 


A small  value  ol  cbb  is  expected  from  the  shear  mechanism 
of  a eph  to  bcc  transition  proposed  by  Burgers.6  For  hex- 
agonal symmetry,  the  shear  modulus  G is  an  approximate 
average  of  the  two  single-crystal  shear  constants  e66  and  c44. 
Thus,  from  the  smaller  values  of  ( I /GMdG/dT)  in  Table  3 
one  can  infer  that  both  alloys  have  higher  eph  to  bcc  trans- 
ition temperatures  than  pure  titanium.  That  is.  the 
a-titanium  phase  is  stabilized  in  the  alloys.  As  shown  in 
Hansen  and  Anderko,7  aluminium  is  a strong  stabilizer  of  a 
titanium,  while  both  vanadium  and  tin  are  moderate 
stabilizers  of  (3  titanium. 


1 264  — 
1246- 
I 228  ~ 
1210 
1192 
•174- 
1 156  - 
1 138 
1 120 
1 102 
I O84I— 


T»-5*t-2  S Sn 


Ti-6AI-4  V 


O 50  IOO  150  200 

Temperature,  K 

Fiq.4  Young's  modulus  ot  two  titanium  alloys 


250  300 
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! j 

Ti-5A1  2 

\5Sn 

Tt  6A1-4V 

Souree 

E 

G 

B 

V 

E 

G 

B 

V 

Reference  12 

- 

— 

— 

_ 

1.11 

0.421 

1 06 

0.325 

Reference  8 

1 14 

— 

— 

— 

_ 



_ 

_ 

Reference  9 

096  1.17 

- 

— 

_ 

1.07-1.21 

0.421 





Reference  10 

1 07 

- 

1 07 

_ 

1.10 



1 13 



Reference  1 1 

1 10 

— 

— 

_ 

1.03 



Present 

1.11 

0.420 

1 07 

0.327 

1.11 

0 420 

1.05 

0 323 

alloys 


Despite  t lie  extensive  use  of  iliese  alloys.  vers  til  tic  elastic 
il  ita  exist  Ito  them  Most  information  has  appeared  in 
.’iicmeering  leports  and  is  summarized  iti  references  8 I 2. 

I i i comparison,  the  mom  temperature  values  ol  /•..  O',  B 
and  t .lie  given  tn  table  5.  (leneially  good  agreement  is 
observed  between  previous  and  present  results. 

The  elastic  moduli  id  boili  alloys  are  several  percent  higher 
than  those  reported  lor  commeicial-gradc  titanium.12  But 
they  ate  lower  l y several  percent  than  the  ipiasi-isotropie 


moduli  obtained  from  a Voigt  Reuss  Hill  average  of  the 
data  obtained  from  zone-refined  single  crystals. s The  elastie 
Cebyc  temperatures  of  the  alloys  are  also  about  2%  lower 
than  that  eafeulaled  from  the  single-crystal  elastic  data  of 
titanium.  The  relatively  low  elastic  anisotropy  of  titanium 
does  not  allow  for  a large  error  in  the  Voigt  Reuss  Hill 
averages.  Thus,  existing  data  suggest  a strong  impurity 
effect  on  the  elastic  constants  of  titanium,  perhaps  due  to 
interstitial  impurities. 

Finally,  it  is  emphasized  that  the  data  reported  here  are 
dynamic  (adiabatic)  rather  than  static  (isothermal)  and 
apply  to  rapid,  rather  than  slow,  loading.  In  most  cases  the 
differences  between  adiahatie  and  isothermal  elastic  con- 
stants are  small.  Conversion  formulas  are  given  in  Landau 
and  Lifshit/.,13  for  example  For  titanium  at  room 
temperature 


*W. 

ly s 


0.001 


B s By 


B s 


0.009 


"s  "t 

: = 0.005  and 

"s 


where  subscripts  S and  T denote  adiabatic  and  isothermal, 
respectively. 

This  work  was  supported  in  part  by  the  Advanced  Research 
Projects  Agency  of  the  Department  of  r>efcnse  and  was 
monitored  by  the  Cryogenics  Division,  NBS.  Boulder  under 
contract  No  2569. 
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PERTIES OF  INCONEL  X750  AND  310S  PLUS  KROMARC  58  STAINLESS 
STEELS . 
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1.0  ABSTRACT 


Progress  in  the  second  semi-annual  period  (March  - September, 
1974)  on  ARPA  - NBS  Contract  CST  8304  is  reported.  General  considerations 
of  cyrogenic  structural  materials  characterization  is  further  discussed 
including  aspects  of  materials  selection,  processing  and  fabrication. 
Results  and  analyses  include  mechanical  and  fracture  mechanics  test 
data  from  R.T.  to  4.2°K  for  four  present  generation  candidate  cryogenic 
structural  materials.  A variety  of  common  metallurgical  conditions  of 
these  materials  is  included  in  this  evaluation  to  assure  that 
mechanical  performance  will  be  predictable  and  that  structural  reli- 
ability analyses  can  be  extrapolated  to  advanced  fabricated  structures. 

The  materials  evaluated  include  OFHC  Copper,  AISI  310S  Stain- 
less Steel,  Kromarc  58  Stainless  Steel  and  Inconel  X750  Nickel  Base 
Superalloy.  Metallurgical-structural  variables  include  the  wrought  and 
heat  treated  forms  resulting  from  cold  working,  stress  relief,  solution 
annealing,  quenching,  aging  and  sensitization  to  which  these  respective 
metal  alloys  are  exposed  in  routine  processing  for  fabricated  hardware. 

Ingot  consolidation  and  secondary  refining  practice  is  also 
being  evaluated  to  provide  additional  but  necessary  flexibility  in 
process  selection  and  property  control.  Three  melting  practices  in 
Inconel  X750  are  considered,  namely:  (1)  Vacuum  Induction  Melting  - 
Vacuum  Arc  Remelt;  (2)  Air  Arc  Melting  - Vacuum  Arc  Remelt,  and  (3) 

Vacuum  Induction  Melting.  Conversion  from  powder  to  wrought  structure 
by  hot  isostatic  pressing  (HIP)  is  also  evaluated  as  an  additional 
processing  alternative. 

Structural  fabrication  requirements  are  screened  by  evaluation 
of  basic  metals  joining  techniques  including:  gas  tungsten  arc  welding 
(GTAW) , high  vacuum  electron  beam  welding  (HVEBW) , gas  metal  arc  welding 
(GMAW),  shielded  metal  arc  welding  (SMAW)  , brazing  and  soldering. 
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The  primary  screening  and  alloy  assessment  technique  is  by 
mechanical  testing.  Current  state-of-the-art  fracture  mechanics 
technology  coupled  with  special  low  temperature  test  techniques  and 
advanced  analytic  capabilities  are  employed  to  provide  the  basis  for 
optimized  structural  reliability  in  designing  and  fabricating  cryogenic 
structures.  This  systematic  evaluation  includes  testing  at  RT,  77°K 
and  4.2°K  for  tensile,  notched  tensile,  fracture  toughness  K (via  J ), 

IC  xc 

and  fatigue  crack  growth  rate  behavior.  This  information  is  then  used 
to  demonstrate  the  principles  and  techniques  for  reliability  analyses  and 
to  assist  in  predicting  future  data  base  requirements  for  successful 
cryogenic  structural  design.  A complete  structural  characterization 
of  test  materials  is  ircluded  for  pro  aid  post  test  evaluation.  Hence, 
an  assessment  of  structural  effects  on  mechanical  properties  is  being 
provided.  A physical  property  screening  study  (magnetization  and 
electrical  resistivity)  is  integrated  into  this  effort  to  assure  that 
these  austenitic  alloys  maintain  their  desirable  magnetic  and  structural 
stability  at  low  temperatures. 
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2.0  INTRODUCTION 


Work  described  in  this  report  represents  the  Westinghouse 
Electric  Corporation  contribution  to  the  Advanced  Research  Project 
Agency  program  for  Low  Temperature  Properties  of  Structural  Materials. 

Program  management  is  the  responsibility  of  the  Cryogenics  Division  of 
the  National  Bureau  of  Standards.  Dr.  Edward  C.  van  Reuth  is  the  ARPA 
sponsor  while  Dr.  Richard  P.  Reed,  NBS-Boulder,  is  overall  program 
manager  and  Dr.  Alan  F.  Clark,  NBS-Boulder,  is  contract  monitor. 

I The  total  program  is  divided  into  the  general  categories  of 

mechanical  properties,  thermal  properties,  composites,  data  compilation 
and  evaluation,  and  specialized  structures.  The  program  will  continue 
for  three  years  with  annual  reevaluation  regarding  program  scope  and 
participation.  Table  2-1  indicates  the  first  year's  program,  the 
research  organizations  doing  the  work  and  a brief  description  of  each 

effort . 

From  a glance  at  the  table  it  is  obvious  that  the  initial 
major  effort  is  to  provide  low  temperature  fatigue  and  fracture  data 
which  are  needed  for  current  design.  The  effects  of  size,  processing, 
and  fabrication  are  also  being  pursued.  Thermal  properties  are 
being  measured  early  in  the  program  for  design  data.  The  properties 
and  potential  applications  of  composite  materials  are  being  investi- 
gated as  well  as  the  effects  of  the  dynamic  loading  of  magnet  materials. 

The  accumulation  and  compilation  of  all  this  data  are  an  essential  part 
of  the  effort. 

The  output  of  the  program  is  expected  to  take  four  forms: 

(1)  Semiannual  technical  reports  will  be  distributed  to  all  the  contractors 
as  well  as  to  ARPA  and  the  various  "user"  groups  in  tne  agencies,  (2)  it 
is  hoped  that  most  data  will  be  published  in  the  open  literature,  (3)  data 
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will  be  incorporated  into  the  Handbook  in  the  year  subsequent  to  its 
generation,  and  (4)  possibly  a reference  book,  complementary  to  the 
Handbook,  will  be  composed  by  contributions  from  each  laboratory  and 
edited  by  NBS. 

The  Westinghouse  Electric  Corporation  responsibilities  in  the 
current  year's  effort  are  divided  into  three  tasks: 

Task  1 Characterization  of  Current  Cryogenic  Structural 

Materials 

Task  LI  Processing  Effects  on  Properties  of  Structural  Cryo- 

genic Materials 

Task  III  Evaluation  of  Joints  in  Structural  Cryogenic  Materials 

This  second  report  presents  continuing  results  of  these  three 
tasks  based  on  the  functional  areas  of  investigation:  materials, 
fracture  mechanics,  microstructural  analysis,  and  magnetic  properties. 
In  addition  to  semi-annual  technical  reports,  a tentative  list  of  tech- 
nical publications  which  are  planned  for  release  all  or  in  part  under 
this  contract  include  the  following: 

• Materials  Considerations  for  Structural  Cryogenic 
Applications 

• Low  Temperature  Mechanical  Properties  of  Austenitic 
Alloys 

• Low  Temperature  Mechanical  Behavior  of  Joints  in 
Austenitic  Alloys 

• Fracture  Mechanics  Reliability  Analysis  Relative  to 
the  5 mVA  - 12,000  rpm  Generator,  Reference  Contract 
USAF , F33615-71-C-1591 
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TABLE  2-1 


ARPA  - Low  Temperature  Properties  of  Structural  Materials 
First  Year  Program  (FY  74) 


Program  Area 


Program  Description 


Mechanical  Properties 
1.  Fracture  and  Fatigue 
a.  Materials  Group 
(NBS-Cryogenics) 


Fracture  toughness,  fatigue  crack  grov/th 
rate,  fatigue,  sustained  load  crack 
growth  rate  tests  from  4-300  K on  struc- 
tural alloys. 


b.  Materials  Group  Mechanical,  magnetic,  electrical  loss 
(Westinghouse)  characterization  of  alloys  currently  in 

use  by  Westinghouse  in  DOD  sponsored  pro- 
grams. Mechanical  tests  include  tensile, 
fracture  toughness,  fatigue. 


c.  High  Load-Large 
Specimens 
(Mart in-Denver) 


Fracture  toughness,  fatigue  crack  growth 
rate  data  on  very  selected  tough  alloys 
requiring  loads  in  excess  of  30,000  lbs 
to  fracture. 


2.  Effects 

a.  Processing 

(Westinghouse) 


b.  Joining 

(Westinghouse) 


Identification  of  effects  of  fabrication 
and  processing  techniques  on  mechanical 
properties  of  selected  alloys.  Variables 
include  industrial  melting  practices,  powder 
metallurgy  techniques,  and  cold  working. 

Mechanical  properties  of  fabricated  metal 
joints,  including  welding  (GTAW,  EB,  GMAW) 
brazing,  and  soldering  from  4-300  K.  Pro- 
perties include  tensile,  notched  tensile, 
fracture  toughness,  and  fatigue  crack  growth 
rate . 


3.  Elastic  Moduli,  Tensile 
(NBS-Cryogenics ) 


Tensile  and  dynamic  elastic  (Young's,  shear, 
bulk  moduli)  measurements  on  structural  alloys 
from  4-300  K. 


Thermal  Properties 

4.  Thermal  Expansion, 
Specific  Heat 
(Battelle) 

5.  Thermal-Magnetothermal 
Conductivity 
(NBS-Cryogenics) 

Composites 

6.  Evaluation  of  Advanced 
Composites 
(NBS-Cryogenics) 


Thermal  expansion  and  specific  heat  measure- 
ments on  selected  insulations  and  structural 
alloys. 

Thermal  conductivity  and  thermal  conductivity 
in  magnetic  fields  up  to  50  kilogauss  from 
4-300  K of  structural  alloys. 

Screening  tests  (tensile,  fatigue  at  4 K)  on 
selected  candidate  metal  and  non-metal  base 
composites,  including  B-epoxy,  C-epoxy  and 
polyimide,  PRD  49-epoxy,  borsic-Al,  Steel-Al. 
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TABLE  2-J  (Continued) 


Program  Area 

7.  Screening  for  Shield 
Materials 
(General  Electric) 

Data  Compilation  and 
Evaluation 

8.  Handbook 
(Battelle) 


Specialized  Structures 
9.  Effects  on  Magnet 
Materials 
(Argonne) 


Program  Description 

Screening  study  of  composites  for  torque 
tube  and  electromagnetic  shield  applications. 


Publication  of  Handbook  containing  recom- 
mended best  value  data  and  complete  set  of 
references  for  39  selected  materials  (struc- 
tural alloys,  superconductors).  Data  pre- 
sented in  graphical  and  tabular  formats; 
mechanical,  thermal,  magnetic  properties 
from  0-300  k. 

Characterization  of  change  of  electrical 
and  mechanical  properties  of  magnet 
materials  as  a function  of  fatigue  and 
temperature . 
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3.0  SUMMARY 


3 . 1 Test  r t a tus 

A test  status  summary  for  this  entire  program  is  shown  in 
Table  3-1.  All  basic  work  is  completed  through  mechanical  testing. 
Extensive  additional  use  of  techniques  over  the  planned  effort 
has  assured  development  of  meaningful  fracture  toughness  design  dat  . 
Also,  additional  magnetic  and  resistivity  measurements  were  provided 
in  areas  of  greatest  interest. 

Several  longer  lead  time  items  associated  with  welding  and 
brazing  requiring  special  welding  wires  or  procedures  are  still  in 
progress.  Hence,  results  on  brazed  joints  in  copper  and  X750  are 
delayed  along  with  welds  in  Kromarc-58  where  filler  wire  had  to  be 
drawn  in-house.  A portion  of  the  fractography  remains  in  progress  as 
this  effort  was  logically  delayed  until  completion  of  an  analysis  of 
the  impact  of  processing  effects  on  low  temperature  properties. 

3.2  Alloy  Selection  and  Use 

This  FY  74  testing  has  provided  essential  low  temperature 
properties  for  materials  which  have  already  seen  cryogenic  structural 
service.  Hence,  selection  of  these  materials  was  dictated  by  the 
immediate  need  to  support  short  range  "best"  judgement  decisions  made 
for  actual  prototype  machines.  In  subsequent  work  on  this  project 
additional  candidate  structural  materials  are  being  selected  based  on 
general  cryogenic  hardware  requirements.  These  requirements  were 
discussed  in  detail  in  Section  5.0  of  the  First  Semi-Annual  Report  for 
this  t ogram. 

The  important  first  generation  machine  materials  included  were 
AISI  310S  stainless  steel.  Inconel  X750,  Kromarc-58  and  OFHC  copper. 
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i'ht-  first  three  are  structural  candidates  whereas  copper  is  not  always 
self  supporting  but  functionally  required  for  other  than  structural 
reasons . 

One  additional  aspect  in  material  selection  which  is  becoming 
increasingly  important  is  conservation  of  scarce  materials.  In  this 
regard,  Kromarc-58  is  both  stronger  and  less  alloyed  than  310S  stainless  , 
Cr  + Ni  at  about  45%  for  310S  vs.  38%  for  K-58.  The  further  additional 
strength  advantages  in  X750  are  realized  in  part  by  switching  from  the 
iron-base  system  giving  a Cr  + Ni  content  of  about  88%. 


The  310S  stainless  steel  and  Inconel  X750  alloys  proved 
adequate  in  testing  tor  main  structural  applications  in  respective  low 
and  high  speed  first  generation  prototype  S.C.  machinery.  Kromarc-58 
previously  used  for  static  applications  in  bubble  chambers,  would  also 


be  adequate  for  structural  rotating  hardware  based  on  this  test  program. 
Basic  property  data  on  OFHC  copper  was  developed  to  provide  additional 
design  flexibility  in  its  application  to  rotating  machinery  even  in  those 
situations  where  it  is  not  self  supporting.  Copper  was  shown  to  retain 
excellent  toughness  to  the  lowest  test  temperature,  4.2  K. 

3.3  Mechanical  Properties 


On  a first-cut  basis  the  three  structural  alloys  in  wrought 
form  and  standard  heat  treatment  compare  in  yield  strength  at  4.2°K 
approximately  as  follows : 


AISI  310S 
Kromarc  58 
Inconel  X750 


Solution  treated  and  quenched 
Solution  treated  and  quenched 
Solution  treated  and  Double  Aged 


120.000  psi 

160.000  psi 

125.000  psi 
to  170,000  psi 


The  spread  in  Inconel  X-750  values  reflects  the  emphasis  in  this 
program  on  developing  a realistic  perspective  on  the  effect  of  processing 
history.  X750  was  used  for  this  purpose  with  the  evaluation  of  a number 
of  heats  with  different  initial  melting  practices  and  thermo-mechanical 
treatments  . 


Reasonably  good  fracture  toughness  can  be  achieved  along  with 


the  high  yield  strength  for  these  materials  at  4.2°K.  Using  the  K^/ays 
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ratio  as  the  "most  tough"  indicator  and  (K  /cys)  as  the  defect  size 
tolerance  indicator  gives  the  following  for  these  alloys*: 


„ 1C  /IC, 

Condition  ( ) 

gys  gys 


AISI  310S  Stainless 

STQ 

1.99 

3.98 

Kromarc-58 

STQ 

1.23 

1.52 

Inconel  X750 

STDA 

.55 

.30 

to  1.53 

2.34 

* An  expanded  summary  is  shown  in  Figure  3-5 

Again,  X750  was  tested  over  a greater  variety  of  material 
histories.  The  highest  fracture  toughness  value  shown  was  obtained  for 
an  intermediate  strength  of  140,000  psi  yield.  If  X750  processing  is 
tuned  for  strength,  say  170,000  psi  yield,  then  some  drop  in  toughness 
occurs.  Likewise,  if  processing  cannot  be  optimized  a penalty  is  also 
paid.  This  latter  situation  occurs  in  practice  when  a component  size 
exceeds  normal  industrial  wrought  product  size  limiting  flexibility  in 
breaking  down  the  cast  billet  structure. 

In  addition  to  the  basic  fracture  toughness  which  gives  a 
defect  tolerance  for  component  failure,  crack  growth  rate  data  is  being 
generated  which  permits  calculation  of  maximum  allowable  defect  size  at 
"start  of  life".  Most  of  the  results  of  this  effort  are  on  Inconel  X750 
which  would  typically  be  the  higher  stressed  alloy  and  was  evaluated 
most  extensively  in  terms  of  processing  and  fabrication  effects.  This 
data  is  treated  in  Section  6 of  this  report  as  a function  of  flaw  con- 
figuration,stress  in  % of  yield,  and  permissible  calculated  initial 
"dtart  of  life"  flaw  size.  Results  show  that  structural  integrity  of 
new  machinery  can  be  quantitatively  specified  for  design  and  fabrication. 

The  basic  tensile  properties  including  notched  strength  genera- 
ted in  this  program  are  summarized  in  Figs.  3-1  through  3-4.  These 
figures  show  the  wide  variety  of  processing  conditions  factored  into  this 
evaluation.  Several  major  aspects  in  the  use  of  these  materials  are 
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evident  in  these  figures: 

• Most  noticable  and  expected  is  the  low  strength  of  copper. 
Interestingly,  yield  strength  from  room  temperature  to  4.2°K  has 
essentially  no  temperature  dependence;  Fig.  3-1.  Hence,  OFHC  copper 
is  not  considered  a high  strength  structural  alloy  as  are  the  other 
materials  and  will  require  independent  support  in  high  load  appli- 
cations. As  a result  of  its  excellent  notch  tensile  toughness 
(Ratio  Notched  Tensile  Strength  to  Unnotehed  Yield  Strength)  no 
additional  fracture  mechanics  tests  were  required.  Toughness  and 
ductility  in  combination  should  give  excellent  design  flexibility 
particularly  if  thermal  strains  require  that  plasticity  be  con- 
sidered in  machine  designs.  Tensile  elongation  of  copper  actually 
increased  with  decreasing  temperature  by  as  much  as  60%. 

• An  advantage  of  X750  compared  to  310S  stainless  and  K-58  is  the 
lower  temperature  dependence  of  yield  strength.  Whereas  the 
yield  strength  advantage  of  X750  is  modest  at  4.2°K,  its  advantage 
increases  as  temperature  increases  toward  ambient. 

• All  three  structural  materials  responded  favorably  to  notch 
tensile  testing  and  are  notch  tough  (i.e.  NTS/UYS  i 1)  throughout 
the  temperature  range  for  all  processing  and  fabrication  variables. 
Also,  the  overall  stability  anticipated  in  the  use  of  fully  aus- 
tenitic materials  for  first  generation  machines  is  verified  in 

a general  way  by  these  tests. 

3 . 4 Processing 

Several  important  facets  oi  processing  and  fabrication  con- 
siderations can  be  related  to  the  mechanical  properties  results  sum- 
marized in  Figs.  3-1  through  3-5. 

• The  significant  impact  of  different  melting  and  working  histories 
on  properties  of  X750  is  shown  in  Fig.  3-2  and  Fig.  3-5.  Although 
this  processing  data  was  generated  specifically  with  Inconel  X750, 
one  can  generally  expect  that  an  important  trade-off  for  increased 
strength  among  other  alloy  systems  will  be  an  increased  sensitivity  of 
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mechanical  properties  to  processing.  Typically,  use  of  more 
promising  alloys  entails  greater  effort  in  processing  to  assure 
that  adequate  metallurgical  structures  are  obtained. 

• The  major  processing  constraint  demonstrated  for  X750  is  inferred 
as  the  requirement  for  adequate  secondary  working  in  breaking  down 
cast  ingot  structures  into  wrought  structures.  This  shows  up  as 
improved  ductility  in  Fig.  3-2  for  MP-2  and  MP-3  vs.  MP-1.  Also, 
higher  fracture  toughness  in  Fig.  3-3,  MP-2  vs.  MP-1.  Again,  this 
shows  up  as  higher  strength  in  MP-3  but  with  some  loss  in  fracture 
toughness  compared  with  MP-2.  These  trade-offs  are  not  unexpected. 
In  this  case,  the  more  heavily  worked  structures  were  both  stronger 
and  tougher.  MP-1  was  the  largest  as  received  billet  and  MP-3 

the  smallest.  Strength  le,Tels  were  inverse  to  size.  To  a point, 
all  properties  improve  with  increased  ingot  breakdown,  MP-2.  With 
even  higher  strength,  MP-3,  toughness  is  again  compromised. 
Obviously,  these  differences  must  be  accommodated  in  processing 
materials  for  specific  design  requirements. 

• Structural  observations  confirm  the  generalized  processing  history 
responses  in  that  strength  appears  to  be  an  inverse  function  of 

-1/2 

grain  size  as  expected  from  the  Hall-Petch  relation  0 - + Kd 

In  addition,  the  finer  grained  structures  of  MP-2  and  MP-3  demon- 
strate a transition  from  intergranular  to  cross-granular  failure 
at  low  temperature.  Hence,  from  a general  fracture  standpoint 
the  filler  grain  size  implies  improved  fracture  behavior  at  low 
temperatures . 

• Confirmation  of  grain  size  effects  (more  independently  of  thermo- 
mechanical treatments)  is  obtained  in  the  powder  processed  (HIP) 
X750.  This  is  consolidated  directly  to  a finished  form  using 
powder  made  from  MP-1  stock.  Conversion  from  powder  to  plate 
stock  was  accomplished  in  one  step  without  subsequent  working  by 
hot  isostatic  pressing  (HIP)  with  a significant  resultant  grain 
refinement  relative  to  MP-1.  A modest  strength  increase  and 
improved  ductility  and  toughness  were  realized. 
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The  hot  isostatically  pressed  X750  properties  show  also  that  this 
process  can  be  considered  as  an  alternative  conversion  process  for 
components  in  cryogenic  applications. 

The  effect  of  using  cold  work  to  enhance  strength  was  demonstrated 
using  Kromarc-58  with  30%  cold  reduction.  A resulting  trade-off  in 
fracture  toughness  of  about  45%  accompanied  about  a 10%  increase  in 
yield  strength. 


Sens itat ion  of  stainless  steel 
vent ional  processing  problem. 


was  considered  as  the  major  con- 
In  tensile  lesLing  properties  have 


proven  to  be  essentially  comparable  bit  properties  are  compromised 
in  fracture  toughness  results.  A deformation  mode  change  to 
intergrannular  fracture  at  low  temperatures  indicates  a continued 
c ncern  which  may  be  clarified  by  crack  growth  rate  tests  still 
in  progress. 


3.5  Fabrication 


The  major  aspect  ot  fabrication  considered  in  this  project 
are  the  properties  of  welded  and  brazed  joints.  Much  of  the  welding  work 
is  completed  providing  a measure  ol  the  weldability  of  these  materials 
obtained  during  fabrication  and  inspection  of  the  weldments.  Gas  tungsten 
arc  welds  had  satisfactory  quality  as  used  for  Kromarc-58  and  Inconel 
X750.  Shielded  metal  arc  welds  in  310S  stainless  were  also  good,  of 
general  commercial  quality.  Porosity  was  experienced  in  gas  metal  arc 
welds  in  copper.  This  did  not  seem  to  impair  properties  and  was  most 
likely  caused  by  poor  shielding.  Electron  beam  welds  in  X750  had  cracks 
:.n  the  we  .d  center  and  also  the  heat  affected  zone.  Hence,  electron 
beam  welds  in  X750  require  careful  inspection.  The  cracks  were  avoided 
in  test  specimen  lay  out  and  hence  seemed  to  have  no  effect  on  tensile 
properties.  Transverse  weld  specimens  always  failed  in  the  base  metal 
well  removed  from  any  source  of  weld  defects  in  X750  electron  beam  welds 
for  material  without  a post  weld  heat  treatment. 

Mechanical  property  results  for  weldments  has  been  encouraging 
from  the  standpoint  of  equivalence  to  base  metal  test  results. 


• In  the  case  of  X750,  all  weldments  had  generally  good  fracture 
toughness,  Fig.  3—5.  Only  one  base  metal  condition  was  signi- 
ficantly better.  All  unnotched  transverse  tensile  tests  failed 
outside  the  weld.  However,  the  weldment  base  metal  proved  to 
be  the  weakest  of  the  three  melting  practices  obtained  for  this 
project  (MP-1) 

• Notched  tensile  properties  of  X750  weldments  are  basically  good. 
Additional  considerations  must  be  factored  into  this  conclusion. 
First,  the  yield  strength  of  a transverse  weld  specimen  isn't 
necessarily  a true  weld  value  since  elongation  may  not  be  uniform 
along  the  gage  length.  This  would  have  an  unknown  affect  on  true 
yield  strength.  Secondly,  while  notched  specimens  fail  at  the  weld 
(in  the  notch),  plain  specimens  always  fail  outside  the  weld. 

Hence,  some  consideration  should  be  given  to  estimating  the  lowest 
possible  notched  tensile  strength  to  unnotched  yield  strength 
ratio  for  weldments.  The  best  approach  available  is  to  compare 
the  weld  notched  tensile  strength  to  the  highest  strength  X750 

base  metal  evaluated,  MP-3  as  solution  treated  and  double  aged.  All 
values  are  greater  than  1.0  indicating  good  notch-tough  weldments 
even  though  somewhat  more  conservative  than  shown  on  Fig.  3-3. 

Weld  Metal  Notched  Strength/Unnotched  Y.S.  of  MP-3,  STDA 


R.T . 

77°K 

4 . 2°! 

ST/EBW 

1.1 

1.] 

1.1 

STDA/EBW 

1.1 

1.2 

1.2 

ST/GTAW 

1.2 

1.2 

1.2 

ST/GTAW 

1.3 

1.2 

1.2 

, A similar  consideration  for  notched  strength  in  310S  weldments  shows 
that  these  a re  reasonably  accurately  shown  on  Fig.  3-1.  310S  weld- 

ments likewise  failed  in  the  base  metal  when  not  pre-notched.  In 
the  case  of  Kromarc-58  tensile  failures  did  occur  in  the  weld  or 
heat  affected  zone.  Again,  a most  conservative  treatment  for  K-58 
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indicates  that  the  notched  strength  ratios  shown  on  Fig.  3-4 
are  reasonable. 


Weldment  evaluation  from  a ductility  standpoint  shows  comparable 

j 

results  to  the  base  metal  for  all  three  alloys.  Since  transverse 
weldments  do  not  necessarily  yield  uniformly,  the  best  ''weld  to 
base  metal"  ductility  comparison  is  reduction  in  area.  This  is 
decidedly  a compromise  compared  with  testing  all  weld  metal 
samples  except  in  eases  like  K-58  where  failures  occurred  in  the 
we  1 d . 

1.6  Physical  Proper t les 

Two  important  materials  responses  at  cryogenic  temperature 
were  measured  for  the  basic  alloys  in  several  forms  including  both 
cold  worked  and  welded.  Samples  of  Inconel  718  were  also  included. 

The  basic  characteristics  studied  were: 

Magnetization  to  a field  strength  of  70  kOe  from  room  temperature 
to  4 . 2°K. 

.1 

• Resistivity  from  room  temperature  to  4.2°K 


Both  characteristics  are  important  to  design  of  cryogenic 
electrical  machinery.  Transformation  of  non-magnetic  structural 
materials  to  magnetic  state.;  is  undesirable  because  of  the  resultant 
interaction  with  strong  magnetic  environments  in  superconducting  machines, 
and  also  because  of  tire  potential  dimensional  instability  which  accom- 
panies structural  transformation.  Electrical  resistivity  measurements 
provide  an  estimate  of  thermal  conductivity,  an  important  design 
parameter  for  cryogenic  machines.  Thermal  losses  represent  a signi- 
ficant leverage  on  machine  losses  at  low  temperatures,  i.e.,  a one 
watt  loss  at  4.2°K  can  represent  a cooling  system  input  requirement  as 
high  as  1000  watts. 

Magnetic  behavior  is  summarized  in  Table  8.1.  All  materials 
appear  satisfactory  for  design  from  both  a magnetic  and  structural 
stability  standpoint.  Very  slight  ferromagnetization  is  displayed  by 
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AISI  310S,  X750  and  Inconel  718  at  4.2°K  at  values  2%  to  3%  of  iron. 
Kromarc-58  is  particularly  stable  even  as-welded. 

Resistivity  measurements  are  summarized  in  Table  8.2  Again, 
all  program  materials  were  tested  over  a broad  range  of  finished  con- 
ditions including  as-welded  and  cold  worked.  Again,  Inconel  718 
tests  were  also  run.  Generally,  equivalent  properties  were  measured 
for  different  forms  of  the  same  structural  alloys.  On  the  other  hand, 
much  higher  resistivities  were  noted  for  weldments  in  copper  vs.  base 
metal,  particularly  at  lower  temperatures.  This  most  likely  reflects 
both  alloying  element  effects  in  the  filler  wire  and  oxygen  contamination 
during  welding  which  was  also  implied  by  high  porosity  found  in  copper 
welds . 
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4.0  WESTINGHOUSE  PROJECT  DESCRIPTION 


This  project  represents  the  active  participation  of  the 
Research  Laboratories  of  the  Westinghouse  Electric  Corporation  under 
Contract  CST-8304  in  a comprehensive  overall  program  for  cryogenic 
structural  materials  monitored  by  the  Cryogenics  Division  of  the 
Nati'iaal  Bureau  of  Standards.  The  overall  program  is  sponsored  by  the 
Advanced  Research  Projects  Agency  (ARPA)  of  the  Department  of  Defense. 

Several  advanced  cryogenic  application  areas  are  identified 

in  which  the  subject  matter  of  this  program  will  be  mutually  beneficial. 

One  such  advanced  application  area  for  cryogenic  structural  materials 

requiring  immediate  attention  is  that  of  superconducting  electrical 

machinery  ^ as  typified  by  two  recent  5 MVA  S.C.  generator  prototypes 

(2-3) 

developed  by  Westinghouse  . Other  important  cryogenic  appli- 

cation areas  include  electrical  transmission  lines,  superconducting 
magnet  support  structures  for  Controlled  Thermonuclear  Reactor  (CTR) 
devices,  and  structural  materials  for  second  generation  rotating 
superconducting  machinery  designs. 

4 . 1 FY  74  Project 

The  first  year’s  programs  (Sept.  73  - Sept.  74)  key  off  typi- 
cal structural  materials  requirements  for  S.C.  machinery  prototypes.  The 
overall  outline  for  this  FY  74  Westinghouse  portion  of  the  ARPA-NBS 
program  is  shown  schematically  in  Fig.  4-1.  The  principal  personnel 
involved  are  listed  in  Fig.  4-2  according  to  their  respective  functional 
project  responsibility  areas.  This  project  is  subdivided  into  three 
tasks  as  follows: 
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Task  I 

Characterization  of  four  materials  currently  being  considered 
for  superconducting  machinery  applications.  These  materials  include 
OFHC  Copper  (CDA  No.  102),  AiSI  310S  Stainless  Steel,  Inconel  X750 
Superalloy  and  Kromarc-58  Staiidl'  a Steel.  An  operational  flow  chart 
of  Task  I is  shown  in  Fig.  4-3. 

Task  _II 

Evaluation  of  selected  processing  effects  on  the  structure 
and  properties  of  two  representative  structural  materials  being  con- 
sidered for  cryogenic  applications.  These  processing  considerations  in- 
clude three  different  commercial  melting  practices  of  Inconel  X750, 
hot  isostatically  pressed  (HIP)  consolidation  of  Inconel  X750  powder,  and 
the  combined  effects  of  cold  working  and  welding  in  Kromarc-58  stainless 
steel  alloy.  An  operational  flow  chart  of  Task  II  is  shown  as  Fig.  4-4. 

Task  111 

Evaluation  of  selective  joint  fabrication  methods  in  four 
materials  for  cryogenic  applications.  Joining  techniques  include 
shielded  metal  arc  (SMA) , gas  metal  arc  (CMA) , gas  tungsten  arc  (GTA) , 
vacuum  electron  beam  (EB)  welding,  brazing  and  soldering.  An  operational 
flow  chart  of  Task  III  is  si  own  as  Fig.  4-5. 


4.2  FY  75  Project 

The  FY  1975  continuation  of  the  Westinghouse  portion  of  this 
ARPA-NBS  program  is  also  divided  into  three  similar  task  areas  which 
are  outlined  schematically  in  Figs.  4-6  to  4-8. 

The  approach  to  this  continuation  effort  will  be  similar  to 
the  present  FY  74  effort  reported  herein.  All  material  will  be  procured 
and  identified  with  respect  to  heat  number,  melting  practice  employed, 
chemical  composition  and  micros t ructural  analysis  in  the  as-received 
condition.  One  judiciously  selected  thermal  treatment  will  be  identified 
and  performed  on  each  of  the  three  selected  base  materials.  Then,  the 
previously  employed  functional  test  areas  will  be  used  in  characterizing 
these  materials. 
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In  addition  to  the  characterization  of  weld  fusion  zones  on 
composite  weldment  specimens  of  these  additional  materials,  testing  will 
also  be  conducted  on  the  heat-affected-zone  (HAZ)  areas  of  selected 
weldments  in  HIP  Inconel  X750  and  Inconel  718.  For  this  effort, 
specially  prepared  weldments  using  "J"  or  "K"  shaped  joint  designs 
with  their  essentially  planar  (on  one  side)  HAZ  will  be  employed. 

The  results  of  the  FY  75  respective  study  elements  will  oe 
presented,  analyzed  and  summarized  in  a quantitative  as  well  as  a 
qualitative  manner.  In  addition,  a relative  interpretation  of  these 
results  will  be  conducted  with  respect  to  the  similar  previously 
attained  information  on  FY  74  materials  and  with  respect  to  the  relative 
overall  applicability  of  these  selected  materials  for  general  and 
specific  cryogenic  structural  applications. 
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Fig-  4-1  Program  Outline  - Structural  Materials  for  Cryogenic  Applications 
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FY75  Project)  - Processing  effects  on  cryogenic  structural  materials  properties 


Review  Data  Mechanical  Properties 

Materials:  m Literature  , — ► Testing: 


5.0  GENERAL  CRYOGENIC  STRUCTURAL  MATERIALS/ 
PROCESSING/FABRICATION  CONSIDERATIONS 

A brief  consideration  of  the  two  primary  catagories  of  cryogenic 
structural  materials  applications,  the  materials  data  required,  and  the 
limitations  and  scarcity  of  such  explicit  materials  data  available  for 
failure  safe  design  reliability,  was  discussed  in  Section  5.0  of  the 
previous  report^^  and,  consequently,  will  not  be  repeated  here. 

The  general  approach  of  this  project  conforms  to  the  recommendations  of 
the  Committee  on  Characterization  of  Materials  of  the  Materials  Advisory 
iioard^.  The  MAB  report  provides  the  "working  definition"  of 
characterization : 

"Characterization  describes  those  features  of  the  composition 
and  structure  (including  defects)  of  a material  that  are  sig- 
nificant for  a particular  preparation,  study  of  properties,  or 
use,  and  suffice  for  the  reproduction  of  the  material." 

Coupling  MAB  recommendations,  other  references  (Refs.  3-8) 
and  actual  experience  in  the  fabrication  of  superconducting  generator 
prototypes  (see  Fig.  5-1)  results  in  the  following  basis  for  the 
mute  rials /processing/ fabrication  data  being  generated  in  this  program: 

• The  present  data  base  for  materials  selection  and  utilization 
required  for  advanced  cryogenic  structural  applications  is 
inadequate . 

• The  most  productive  (and  most  useful)  improvement  in  the  existing 
data  base  can  and  should  be  made  at  this  time  by  improved  char- 
acterization of  existing  materials,  rather  than  by  a basic 
alloy  development  program. 


A realistic  assessment  requires  an  interdisciplinary  team 
approach  typically  involving  the  contributions  of  the  designer, 
materials  scientist,  fracture  mechanics  engineer,  welding 
engineer,  physical  scientist,  nondestructive  testing  and  in- 
spection engineer,  and  manufacturing  engineer. 

Characterization  requires  judicious  selection  and  employment  of 

(3) 

basic  "predictive  tests"  which  are  defined  by  the  NMAB  as 
tests  "whose  purpose  is  to  ensure  confidence  in  the  achievement 
of  the  design  objective  and/or  performance  capabilities  of  the 
component  or  structure  for  the  specified  purpose."  Hence,  the 
fracture  mechanics  tests  and  analysis  in  this  program  will  assist 
in  providing  this  capability. 

Many  potential  materials/processing/fabrication  combinations  and 
permutations  are  easily  identified.  An  essential  key  to  achieving 
the  quantitative  data  and  useful  interpretations  with  a reasonable 
effort  is  to  employ  a closed  decision  making  loop  approach  as 
outlined  in  Fig.  4-1. 

Materials  data  presented  in  various  compilations  and  made  avail- 
able to  the  design  engineer  should  be  identifiable  in  all  critical 
aspects.  Users  of  such  data  should  be  made  aware  of  the  signi- 
ficant variation  in  properties  which  can  arise  from  the  same  alloy 
or  material  but  in  various  forms  (i.e.,  sheet,  plate,  rod,  tubing, 
forgings,  casting,  etc.),  processed  conditions  (i.e.,  heat  treat- 
ments, cold  worked,  melting  practice , grain  size,  inclusion  contents, 
etc.),  and  fabricated  condition  (i.e.,  forged,  welded,  brazed 
soldered,  coated,  machined,  etc.). 

Materials  data  used  in  design  calculations  must  be  closely 
representative  of  material  properties  actually  attained  in  finished 
fabricated  components  of  real  structures. 

Manufacturing,  inspection  and  quality  assurance  personnel  must  simil- 
arly be  aware  of  materials,  processing  and  fabrication  deviations  or 
defects  levels  which  can,  if  not  detected  and  corrected,  seriously 
degrade  the  operational  performance  of  the  intended  components  or 
assemblies . 
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5.1  Materials  Selection 


5.1.1  Establishment  of  Materials  Selection  and  Utilization  Criteria 


The  rationale  for  establishment  of  materials  selection  and 


utilization  criteria  were  discussed  in  Section  5.1.1  of  the  previous 

m . . (8-9) 

report.  Two  additional  papers 


have  recently  been  published  and 
reviewed  which  further  elaborate  specifically  on  the  fracture  mechanics 
aspects  in  establishing  materials  selection  and  design  criteria. 

(7) 


As  pointed  out  by  Harrigan  , many  government  agencies  are 
now  incorporating  contractual  requirements  for  the  use  of  fracture 
mechanics  in  aerospace,  defense  and  power  generation  systems.  Such 
system  specifications  generally  require  (1)  fracture  mechanics  principles 
be  employed  in  the  design  of  fracture-critical  parts,  and  (2)  those  parts 
be  constructed  from  materials  which  are  guaranteed  to  exhibit  the  level 
of  fracture  mechanics  properties  required  by  design.  Thus  fracture 
mechanics  should  be  considered  as  an  additional  tool  to  use  in  designing 
good  parts  and  structures.  All  of  the  other  design  criteria  must  also 
be  applied  to  fracture  critical  parts  and  be  satisfied.  Furthermore, 
little  is  presently  known  oh  controlling  the  fracture  mechanics 
properties  of  most  materi,  .ch  were  not  developed  for  the  purpose 

of  optimizing  such  properties. 


Clark^  has  discussed  the  fatigue  crack  initiation  and  growth 


rate  behavior  of  various  structural  alloys  as  two  distinct  mechanisms,  and 
the  role  of  each  mechanism  in  materials  selection  and  design  utilization. 
Basically,  Clark  concludes  that  the  inert-environment  fatigue  crack  growth 
rate  properties  of  a wide  range  of  alloys  within  a given  metals  system 
are  remarkably  similar,  but  initiation  properties  depend  primarily  on  the 
materials'  static  strength  (in  high  cycle  fatigue),  or  on  the  cyclic 
stress-strain  behavior  (in  low  cycle  fatigue).  Hence,  the  fatigue  crack 
initiation  properties  cannot  be  related  to  chose  of  fatigue  crack  growth 
rate.  Thus,  it  is  presently  necessary  to  carefully  evaluate  the  loading 
conditions  associated  with  the  intended  application  (design  criteria  input) 
to  determine  the  important  variables,  and  to  conduct  materials  evaluation 
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Lusts  under  conditions  represenlaL  l ve  ol  those  likely  to  be  encountered 
in  service. 


5.1.2  Candidate  Materiais  for  Structural  Cryogenic  Applications 

A review  of  various  metal  alloy  classes  and  an  initial  list 
(Table  5-1)  of  candidate  materials  for  structural  cryogenic  applications 
was  included  in  Section  5.1.2  of  the  preceeding  report  . Four  of 
these  candidate  alloys  were  selected  for  the  Westinghouse  FY  1974  project 
reported  herein.  These  FY  74  candidate  materials  are  as  follows: 

(a)  OFHC  Copper  (CDA  No.  102) 

(b)  AISI  310S  Stainless  Steel 

(c)  Inconel  X750  Nickel  Base  Superalloy 

(d)  Kromarc  58  Stainless  Steel 

The  chemical  compositions  of  these  materials  used  is  given  in 
Table  5-3.  Additional  material  documentation  data  is  given  in  Table  5-4. 

Various  processing  and  heat  treatment  schedules  employed  are  listed  in 
Table  5-5.  Grain  size  and  hardness  measurements  pertaining  to  these 
materials  are  included  in  Table  5-6.  Characterization  data  for  the 
Inconel  X750  material  as  starting  powder  for  the  hot  isostatic  pressed 
(HIP)  material  is  given  in  Table  5-7.  The  processing  schedule  for  the 
Kromarc  58  stainless  steel  filler  wire  used  in  GTA  welding  is  summarized 
in  Table  5-8.  The  summarized  welding  processes  and  parameters  are  listed 
in  Table  5-9. 

5.1.3  G a ndid a t e_  Ma t erials  for  Westinghouse  FY  75  Project  Extension 

The  Westinghouse  Electric  Corporation  has  been  awarded  an 
extension  of  the  present  project  covering  the  period  from  September  10,  1974 
to  September  9 , 1975.  This  extension  is  referred  herein  as  the  FY  75 
project.  The  summarized  outline  of  the  FY  75  effort  is  discussed  in 
Section  4.2  of  this  report.  The  candidate  materials  to  be  evaluated  in 
this  FY  75  effort  include  the  following: 

( a ) [neon el_  7 18  (VI M - VAR)  Nickel  Base  Supe ralloy 

This  material  is  somewhat  similar  to  Inconel  X750  but  has 

a greater  strength  level  and  slower  age-hardening  characteristics. 


(b ) Inconel  706  (VIM-VAR  and  VIM-EFM)  Ni ckel  Base  Superalloy 
This  material  is  similar  to  Inconel  718,  but  possesses 
improved  fabricability  and  machinability . 

( c ) An  Age-Hardenable , Low  Exp ansion  Iron-Nickel  Allov 
This  unnamed  alloy  was  developed  by  Inco,  and  appears 
potentially  quite  useful  for  high  strength  and  low 
thermal  expansion  cryogenic  applications. 

(d)  High  Strength,  High  Conductivity  Copper  Base  Alloy 
This  alloy  would  be  one  of  the  three  such  alloys  listed 
in  Table  5-1.  Final  selection  of  the  specific  alloy 
will  be  made  following  a more  detailed  review  of  the 
available  technical  literature  as  well  as  consideration 
of  the  physical  availability  of  a suitable  form  and 
quantity  of  the  selected  alloy. 

(e)  HIP  Incone J X75Q  - Weldments  in  the  consolidated  powder 
of  Inconel  X750  (HIP)  will  be  evaluated  during  the  FY  75 
project  and  the  data  compared  with  the  base  metal  HIP 
material  reported  in  the  FY  75  project  effort. 

(f)  Kromarc  58  - The  effect  of  preferred  orientation  in  cold 
worked  K58  material  will  also  be  evaluated  and  compared 
with  present  data  on  this  alloy  reported  herein. 

5 • 2 Materials  Processing  Considerations 

5.2.1  Melting  Practice  in  Inconel  X750 

Several  techniques  are  employed  in  the  commercial  melting  and 
refining  of  high  temperature  alloys  and  superalloys Many  of 
these  techniques  were  developed  for  reasons  of  greater  economy  and  pro- 
ductivity, and  also  for  added  capability  in  terms  of  larger  ingot  capacity. 
Hence,  an  additional  concern  for  the  user  is  the  performance  variation  in 
the  same  basic  alloy  produced  by  different  melting  practices  and  secondary 
refining  techniques.  The  significance  of  variations  in  "as  received" 
material  depends  upon  both  the  design  requirements  and  the  sensitivity  to 
subsequent  processing/fabrication  operations.  Where  a component  failure 
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would  result  in  an  unacceptable  risk,  or  where  the  costs  of  repair  and 
downtime  are  unacceptable,  performance  variations  in  primary  metal  stock 
should  be  adequately  assessed  in  the  overall  product  reliability  evalua- 
tion. An  additional  consideration  is  that  the  material  produced  with  a 
less  expensive  melting  and  refining  practice  might  well  be  totally 
adequate  and  available,  whereas  the  same  material  produced  by  a more 
expensive  melting  and  refining  practice  may  not. 

Consequently,  the  objective  of  this  effort  was  to  evaluate  the 
mechanical  and  fracture  mechanics  behavior  to  4.2°K  of  one  candidate 
cryogenic  structural  alloy  (Inconel  X750)  procured  in  several  different 
commercial  melting  practices. 

The  materials  available  and  obtained  for  this  purpose  were 
as  follows: 

MP-1  - Vacuum  induction  melted  followed  by  vacuum  arc  remelt 

(VIM/VAR) . 

MP-2  - Air  arc  melted  followed  by  vacuum  arc  remelt  (AAM/VAR) . 

MP-3  - Vacuum  induction  melted  (VIM). 

The  chemical  compositions  and  other  supporting  documentation 
data  for  these  three  materials  are  listed  in  Tables  5-3  to  5-6.  The 
MP-1  material  was  purchased  as  a 10-inch  diameter,  hot  finished  forging 
quality  (HFFQ)  round  (HT56C1XY) . The  MP-2  material  was  obtained*  as  a 
four-inch  diameter,  HFFQ  round  (HT1250XV).  The  MP-3  materials  was 
obtained  as  a two-inch  diameter  hot  finished  (HF)  round  (HT57F8XS) . 

It  was  originally  intended  to  procure  all  material  in  the  same  form  and 
size.  Large  diameter  round  stock  was  desired  since  such  MP-1  material 
was  already  on  hand  and  had  been  used  successfully  in  the  fabrication  of 
a 5 MVA  S.C.  generator  rotor  prototype.  Unfortunately,  MP-2  and  MP-3 
materials  were  only  available  to  us  in  sizes  given  above. 


MP-2  and  MP-3  materials  were  supplied  without  charge  by  the  Huntington 
Alloys  Division  of  the  International  Nickel  Company,  Inc. 
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All  materials  were  melted  as  ingots  and  refined  by  hotworking 
by  the  same  manufacturer.  Consequently,  the  trademarked  designation  of 
Inconel"  was  retained  throughout  this  project  for  the  X750  material, 
although  this  material  is  available  from  other  manufacturers  as  well. 

An  AISI  designation  of  No.  688  is  listed  for  this  alloy  in  Ref.  15 
without  specification  as  to  a particular  melting  practice. 

The  chemical  compositions  listed  for  these  respective 
materials  in  Table  5-3  all  fall  within  the  following  limiting  chemical 
composition  of  Ref.  16  : 

70.00  min. 

14.00/17.00 

5.00/9.00 
2.25/2.75 
0.40/1.00 
0.70/1.20 

1.00  max. 

0.50  max. 

0.010  max. 

0.50  max. 

0.08  max. 

1.00  max. 

The  microstructure  of  these  "as  received"  X750  materials  are 
shown  in  Fig.  5-2  where  the  large  grain  size  differences  are  readily 
apparent.  The  largest  grain  size  is  associated  with  MP-1  and  the  smallest 
with  MP-3,  while  significant  grain  size  differences  between  adjacent 
grains  within  a particular  microstructure  are  readily  apparent  in  both 
MP-1  and  MP-2  materials.  Further  microstructural  discussion  of  MP-2 
and  MP-3  materials  and  additional  details  concerning  the  subsequent  hot 
reduction  of  the  original  ingot  stock  melted  by  these  various  melting 
practices  is  presented  in  Section  7.2. 


Nickel  (plus  cobalt) 

Chromium 

Iron 

Titanium 

Aluminum 

Columbium  (plus  Tantalum) 

Manganese 

Silicon 

Sulphur 

Copper 

Carbon 

Cobalt 
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5.2.2  Hot  Isos  tat  Lc  Pressed  Incor.el  X750 


The  hot  Isostatic  pressing  (HIP)  of  Inconel  X750  nickel  base 
superalloy  was  included  in  the  materials  evaluation  for  cryogenic  appli 
cations  for  the  following  reasons: 

The  HIP  process  provides  a method  of  attaining  a small  grain 
size  in  an  austenitic  type  material  where  no  allotropic  trans- 
formation is  available  to  permit  a grain  size  reduction  through 
conventional  heat-treatment  without  mechanical  deformation. 

The  HIP  process  permits  a somewhat  more  uniform  grain  size  and 
chemical  homogeneity  throughout  the  cross  section  of  large 
volume  components . 

The  HIP  process  involves  low  material  scrap  generation  and 
reduced  additional  processing  costs  such  as  extensive  rough 
machining  by  initially  achieving  a elose-to-i inal-sized  component 
as  HIPed. 

Although  consolidation  processing  of  many  superalloy  powder 
materials  has  been  well  reported  this  is  believed  t.o  be  the  first 

such  attempt  to  HIP  this  particular  wrought  alloy.  Most  of  the  HIP 
work  reported  in  the  literature  pertaining  to  superalloy  materials 
applies  to  those  superalloys  which  are  only  available  in  low  ductility 
wrought  or  cast  forms.  In  addition,  this  is  likewise  believed  to  be 
the  first  attempt  at  evaluating  a HIP  superalloy  for  extreme  cryogenic 
applications . 

The  starting  material  was  Inconel  X750  VIM-VAR  billet  stock 
which  was  reduced  to  powder  through  the  inert  gas  atomizing  process  by 
Federal-Mogul.  Characterization  data  and  scanning  electron  micrographs 
of  the  as— received  powder  were  included  as  lable  5—7  and  Fig.  5 2, 
respectively,  of  the  proceeding  report^  ^ . Two  candidate  HIP  processing 
conditions  were  initially  selected  as: 

(1)  HX-1 , HIP  at  1120°C  (2Q50°F)  and  10,000  psi  (Argon) 

(2)  HX-2,  HIP  at  1200°C  (2190°F)  and  10,000  psi  (Argon) 
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One  initial  sample  was  made  at  each  of  these  HIP  conditions  by 
containing  the  X750  powder  in  a 6-inch  long  by  1/2-inch  diameter  AISI 
304  stainless  steel  tube,  heating  to  approximately  370°C  (700°F)  for 
about  4 hours  while  evacuating  to  a vacuum  of  approximately  3 x 10“^ 
torr  and  sealed  by  hot  forge  welding.  The  samples  were  HIPed  in  the 
apparatus  shown  in  Fig.  5-3.  The  diametrical  shrinkage  of  these  speci- 
mens was  measured  as  8.5  percent  while  the  longitudinal  reduction  was 
measured  at  4.7  percent  over  a four-inch  gage  length.  A section  from 
both  HIPed  samples  was  given  the  solution  treatment  at  1800°F  for 
1 hour  and  followed  by  a double  aging  heat  treatment  at  1350  F for 
8 hours  and  furnace  cooled  to  1150°F,  and  held  for  8 hours  and  air 
cooled.  Micros t rue tures  of  these  samples  both  as-HIPed  and  HIP+STDA 
were  presented  as  Fig.  5-3  of  the  previous  report. 

Further  examination  of  these  samples  was  conducted  with 
scanning  electron  microscopy  with  the  resulting  microstructures  shown 
in  Figs.  5-4  and  5-5  of  this  report.  Although  a few  infrequent  small 
pores  were  observed  at  interparticle  boundaries,  full  consolidation  was 
considered  achieved  with  both  initial  HIP  conditions.  A light  con- 
stituent observed  outlining  the  interparticle  boundaries,  is  identified 
in  Section  7.2.2  as  being  a MC  Type  carbide,  (Nb,  Ti)  C. 

Hardness  measurements  on  these  samples  were  as  follows: 

Inconel  X750  - As  HIP  Rc  35 

- HIP  + STDA  Rc  41 

These  hardness  readings  are  significantly  higher  :han  those  of  the 
corresponding  X750  base  metal  hardness  of  ^ Rc  30  solution  treated  and 
t Rc  36,  solution  treated  and  double-aged. 

Measurements  of  impurity  gas  content  in  the  starting  base 
metal  (MP-1)  and  the  various  HIP  stages  are  compared  below: 


29 


0 

N 

H 

At 

As  received  billet 

.0016 

.004 

.00012 

— 

As  received  powder 

.0105 

.0038 

.0005 

.0007 

As  HIPed 

.0099 

.0056 

.000004 

.0001 

HIP  + STDA 

.013 

.0060 

.000022 

.0001 

There  is  an  appreciably 

higher 

oxygen  and 

hydrogen 

contert 

the  as-received  X750  powder  over  the  starting  billet  materials  apparently 
due  to  some  contamination  du. ing  the  production  of  the  powder  during 
the  inert  gas  atomization  process.  While  the  oxygen  level  of  the  HIP 
and  HIP  + ST DA  material  remains  high,  the  hydrogen  content  in  the  HIP 
and  HIP  + STDA  conditions  is  considerably  reduced  even  below  that  of  the 
starting  billet  material.  No  apparent  pick  up  of  argon  (the  pressure 
medium  in  the  iilP  Press)  was  observed  in  the  HIP  or  HIP  + STDA  material*. 

The  first  flat  plate  type  sample,  HX-3,  was  HIPed  in  a rectang- 
ular 304  stainless  steel  with  GTA  welded  seams  along  both  end  caps  and 
only  one  face.  This  assembly  distorted  significantly  during  the  HIP 
processing  as  shown  in  Fig.  5-6b . The  stainless  container  was  subsequently 
redesigned  to  contain  symmetrical  welded  seams  on  both  faces  and  a heav.er 
gage  (.030")  material.  Four  subsequent  plate-type  specimens  were  HIPed 
at  1200°C  and  10,000  psi  in  the  modified  stainless  containers  with  con- 
siderably less  distortion  as  shown  in  Fig.  5-7.  These  HIP  plate  samples 
identified  as  liX-4,  HX-5,  HX-6  and  HX-7  were  leak  tested  both  before  and 
after  HIPing  by  pressurizing  in  a separate  leak  test  pressure  vessel  for 
about  30  minutes  in  argon  at  800  psi  and  R.T.  and  immediately  immersing 
under  water.  No  indications  of  leaks  were  observed  in  any  samples, 
indicating  proper  hermetic  containment  of  the  powder  sample.  Original 
dimensions  of  these  sealed  containers  before  HIPing  were  approximately 
14-1/2  inches  long  by  5-1/8  inches  wide  by  3/4  inches  thick.  Reductions 
due  to  consolidation  on  HIPing  averaged  about  6.5%  in  length,  8.5%  in  width 
and  14%  in  thickness. 


* Although  argon  increase  is  suspected  in  the  304  stainless  container 
as  evidenced  by  abnormally  high  porosity  in  the  304  material  following 
HIPing. 
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Prior  to  heat  treatment  or  machining  of  mechanical  test  speci- 
mens, the  stainless  can  now  firmly  bonded  to  the  X750  sample  was  machined 
away.  Material  for  material  condition  code  60XX  (as-HIPed)  was  used 
directly  after  removal  of  the  stainless  can  material.  Material  for 
material  condition  code  61XX  (HIP  and  STDA)  was  further  cut  into  specimen 
blanks  and  heat  treated  as  follows: 

Solution  treat  - 1800°!’  for  1 hour  in  argon,  air  cool 

Double  Age  - 1350  F for  8 hours  in  argon,  furnace  cool 

to  1150°F,  hold  8 hours  in  argon  and  air  cool. 

Mechanical  properties  of  this  material  are  reported  in  Section  6 
of  this  report.  Although  this  was  an  initial  effort  at  producing  HIP 
X750  material  and  process  conditions  are  not  necessarily  optimized,  the 
resulting  HIP  material  in  both  the  as  HIP  and  HIP  + STDA  conditions 
nevertheless  demonstrated  significant  improvements  in  mechanical  strength, 
ductility,  notched  tensile  strength,  and  fracture  toughness  over  the 
starting  billet  material  (MP-1) . 

5-2.3  Cold  Working  Of  Kromarc  58  Stainless  Steel 

Cold  working,  i.e.  plastic  deformation  by  mechanically  rolling 
unidirectionally  well  below  the  normal  recrystallization  temperature,  is 
one  practical  method  of  modifying  the  microstructure  and  consequently  the 
strength  and  toughness  of  both  parent  base  material  and  weldments. 

Kromarc  58  stainless  steel,  being  a fully  austenitic  stainless  steel,  is 
not  normally*  hardenable  by  thermal  treatment  and  is,  consequently,  an 
excellent  material  with  which  to  evaluate  the  effects  of  cold  working  on 
strength  and  fracture  toughness  at  cryogenic  properties. 

A previous  in-house  study  by  Hull^23^  reported  the  cryogenic 
tensile  and  notched  tensile  properties  of  cold  rolled  Kromarct  58 

* While  not  normally  considered  hardenable  by  heat  treatment,  Hull(23)  has 
reported  a substantial  hardness  increase  ('WO  points  DPH)  obtained  in  cold 
worked  material  followed  by  aging  for  4 hrs  at  600°  to  1000°F.  A similar 
hardness  increase  on  aging  cold  worked  material  for  1 hr  at  1000°F-1100°F 
was  observed  in  this  work.  Further  investigation  of  this  hardness  incre- 
ment is  under  consideration. 

Kromarc  is  a registered  trade  mark  of  Westinghouse  Electric  Corporation. 
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stainless  steel  sheet  of  .050  inch  thickness.  While  not  explicitly  a 
part  of  this  present  ARPA-NBS  program,  this  earlier  data  is  nevertheless 
considered  significant  and  relevant  and  is  therefore  included  as 
Appendix  I.  The  present  work  considers  Kiomarc  58  base  material  and 
weldments  in  plate  of  thickness  an  order  of  magnitude  larger  than  the 
thin  sheet  of  Hull's  work  and  also  employs  fracture  mechanics  testing 
at  cryogenic  temperatures  to  further  extend  the  characterization  of  this 
alloy . 


The  cold  working  of  Kromarc  58  stainless  steel  plate  samples 
of  codes  82XX,  83XX,  84XX,  and  85XX  (see  Table  3-1)  was  performed  in- 
house  in  the  Metals  Processing  Section  of  the  Westinghouse  Research 
Laboratories.  The  starting  plate  sections  measured  approximately  14  inches 
long  by  3-1/2  inches  wide.  All  starting  material  was  1 inch  in  thickness 
before  cold  rolling.  Plate  sample  K-6  was  cold  rolled  to  0.7  inches  in 
thickness  for  use  as  code  81XX  material.  Samples  K7  and  8 (Code  82XX) 
and  K-9  (Code  83XX)  were  reduced  to  0.7  inch  thickness  (m  30%  reduction 
prior  to  welding)  while  samples  K-4  (Code  84XX)  and  K-l  (Code  85XX)  were 
reduced  to  5/8  inch  thickness  (m  37%  reduction)  following  welding. 
Reductions  were  made  in  approximately  .020  inch  increments  with  no 
intermediate  anneals  employed.  A mechanical  pressing  of  the  as-cold- 
worked  plates  was  necessary  to  flatten  these  plate  samples  sufficiently 
to  allow  the  subsequent  sectioning  and  machining  of  the  numerous  mechani- 
cal test  specimens.  No  evidence  of  cracking  of  this  material  was  detected 
during  or  subsequent  to  the  cold  rolling  operations. 

In  selecting  the  temperature  for  the  post  cold-worked  recrystal- 
lization heat  treatment (s)  (Code  85XX) , it  was  necessary  to  subject  a 
brief  series  of  specimens  (GTA  welded  and  cold  worked)  to  various 
"annealing"  temperatures  to  determine  the  best  apparent  recrystallization 
temperature/microstructure  combination (s) . This  was  accomplished  by 
taking  ten  pieces  approximately  1/4  inch  wide  by  5/8  inch  thick  and 
3-1/2  inches  long  from  Kromarc  58  plate  section  K-l  in  the  GTA  welded 
and  cold  worked  (m  37%  reduction  in  thickness)  condition.  Each  sample 
piece  containing  a transverse  section  of  the  weld  was  heat  treated  for 
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1 hour  in  an  argon  atmosphere  at  one  selected  temperature  »ithin  the 
range  from  1000°F  to  1900°F.  Microha rdness  measurements  were  taxen 
on  each  sample  following  the  1 hour  heat  treatment.  Figure  5-8  shows 
a microhardness  transverse  across  one  half  thickness  of  several  of 
these  sample  pieces  along  both  the  transverse  weld  centerline  and 
in  the  parent  base  metal.  The  net  averages  of  these  hardness  readings 
for  both  the  base  metal  and  the  weld  fusion  zone  locations  are  shown 
for  each  respective  "annealing"  temperature  in  Fig.  5-9  along  with 
corresponding  base  metal  and  weld  fusion  zone  microstructures.  The 
following  points  are  noted  concerning  Fig.  5-9: 

. The  hardness  profile  vs.  "annealing"  temperature  of  the  cold 
worked  base  metal  and  the  weld  fusion  zone  structures  closely 
parallel  each  other,  although  the  base  metal  hardness  generally 
exceeds  the  weld  fusion  zone  hardness  somewhat . 


. A distinct  "age-hardening"  effect  is  indicated  by  a hardness 
increase  in  both  B.M.  and  F.Z.  structures  at  temperatures  of 

1000  - 1100°F . 


Recrystallization  is  readily  evident  (but  not  complete)  in  both 
microstructures  after  the  1500°F  treatment.  The  hardness  level 
of  the  B.M.  has  dropped  * 20%  and  that  of  the  weld  fusion  zone 
by  ^ 40%  over  the  as  cold  worked  state. 

Recrystallization  is  essentially  completed  in  both  structures 
(B.M.  and  F.Z.)  after  the  1600°F  treatment.  The  residual 
hardness  increment  due  to  the  prior  cold  work  and  "age-hardening 
has  been  eliminated.  The  average  grain  size  of  the  prior  weld 
fusion  zone  is  larger  than  the  corresponding  base  metal  gram 
giz6  for  tha  S3IH6  treatment . 


The  as-cast  structure  of  the  weld  fusion  zone  has  been  completely 
modified  by  the  cold  working  and  recrystallization  treatment  at 
1600°F  for  1 hour  (i.e.  the  as-cast  weld  dendritic  structure  is  no 
longer  detectable).  The  grain  size  of  the  recrystallized  weld  is 
considerably  less  than  that  of  the  as-welded  or  cold  worked  weld 

fusion  zone. 
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It  appears  that  both  the  partial  Ly  recrvstallized  structures 
and  the  fully  recrystallized  structure  are  worthy  of  mechanical  pro- 
perty characterization.  The  partially  recrystallized  structure  would 
be  expected  to  retain  a significant  strengthening  effect  of  the  prior 
cold  work  (since  60  to  80%  of  the  cold  work  induced  hardness  increment 
remains).  The  fully  recrystallized  structure  would  not  be  expected  to 
retain  an  appreciably  higher  strengtli  level  than  the  as-welded  structure 
but  is  expected  to  have  greater  ductility  and  toughness  due  to  the 

elimination  ol  the  as-cast  dendritic  weld  structure  and  the  reduction  in 

grain  size  over  the  as-weided  condition. 

Plate  K- 1 material  (Code  85XX)  therefore,  lias  been  cut  into 

two  halves  with  one  half  heat  treated  at  1500°F  and  the  second  half  heat 

treated  at  1600°F.  Mechanical  property  tests  have  not  been  completed  to 
date  but  are  in  progress  and  will  be  reported  subsequently. 

5 . 2 . A Kromarc  58  Filler  Wire 

Kromarc  58  stainless  steel  filler  wire  for  GTA  welding  of 
K-58  plate  was  produced  to  the  metals  processing  schedule  listed  in 
Table  5-8.  The  starting  Kromarc  58  material  (Heat  3736)  for  filler 
wire  was  0.287  inch  diameter  redraw  stock  in  the  cold  worked  condition 
(^  Rc  38).  Initial  attempts  at  further  reducing  (swaging)  this  stock 
directly  led  to  the  incidence  of  severe  internal  cracking  as  shown  in 
big.  5-10  (a  and  b) . Examination  of  the  starting  material  revealed  the 
presence  of  longitudinal  surface  cracks  (see  Fig.  5-10  (d ) > , of  about 
.005  to  0.20  inch  in  depth.  It  is  noted  that  the  appreciable  cracking 
of  the  untreated  starting  material  following  swaging  to  090"  diameter 
was  not  associated  with  the  prior  existing  surface  crackt  but  rather  with 
the  occurrence  of  additional  cracking  in  the  center  of  the  already  severely 
cold  worked  redraw  stock.  Two  corrective  measures  were  taken,  namely: 

(a)  complete  annealing  of  the  starting  stock  and,  (b)  surface  grinding 
away  the  existing  surface  cracks  before  further  cold  swaging  the  redraw 
stock  to  make  the  final  3/32"  diameter  filler  wire  for  welding.  Dye 
penetrant  inspection  of  the  starting  stock  following  surface  grinding 
was  employed  to  detect  any  residual  longitudinal  surface  ciack  indications. 
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Any  remaining  surface  cracks  (as  shown  in  Fig.  5-10  (c)  were  locally 
hand  ground  and  rechecked  by  dye  penetrant  to  ensure  their  complete 
removal.  Such  cracks,  if  not  removed,  could  entrap  swaging  lubricants 
and  dirt  which,  if  not  removed  in  the  fina.1  cleaning  operation,  would 
contaminate  the  final  weldments.  Employing  these  corrective  measures 
in  the  processing  of  the  K— 58  filler  wire  resulted  in  a crack  free  wire 
inic ros t ructure  as  shown  in  Fig.  5-11.  This  final  bare  K-58  filler  wire 
Droved  entirely  satisfactory  fur  the  OTA  weldments  of  Kromarc  58  evalua— 

' 

ted  in  this  program. 

5 . 3 Materials  Fabrication  Considerations 
5.3.1  Welding 

5 . 3 . 1 . 1 Weldments  in  Oxygen-Free  Copper 

Weldments  were  made  in  oxygen  free  high  purity  copper  base 

metal  (CD A Alloy  No.  102)  by  the  Gas  Metal  Arc  Welding  Process.  Some 

preliminary  weldment  tests  were  run  to  determine  best  welding  parameter 

(24-27) 

conditions  along  with  reviewing  available  literature  pertaining 

to  GMA  welding  of  copper  plate  of  1/2  inch  thickness.  Preheat  of  the 

weld  plate  at  800°F  to  900°F  was  found  necessary  and  was  accomplished 

by  heating  manually  with  a reducing  oxyacetylene  torch  and  measuring  the 

plate  surface  temperature  with  a direct  reading  contact  probe.  Filler 

wire  employed  was  ECu  (CDA  No.  189)  which  has  tin,  silicon  and  manganese 

additions  for  deoxidation  of  the  molten  weld  pool  (since  oxygen  free 

copper  tends  to  pick  up  oxygen  during  welding).  The  electrical  con- 

(28) 

ductivity  of  this  filler  wire  is  only  ^ 30%  IACS  however,  and  does 
therefore  lower  the  conductivity  of  the  actual  weld  joint.* 

Three  weld  plates  measuring  approximately  12  inches  long  by 
4-3/4  inches  wide  by  1/2  inch  thick  were  joined  with  the  welding  con- 
ditions listed  in  Table  5-9.  These  plates  were  identified  as  Cu3, 

Cu4 , and  Cu5 . Photographs  of  x-rays  taken  of  these  weldments  are  shown 
in  Fig.  5-12.  A significant  level  of  porosity  is  observed  in  all  three 
of  these  weld  test  plates.  This  porosity  is,  in  part,  attributed  to  the 

* Electrical  resistivity  ratios  (RT/4.2°K)  are  reported  in  Section  8 of 
this  report  as  'v  72  for  base  metal  and  ^ 2 for  the  weldment. 
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inert  gas  shielding  technique  employed  which  may  not  be  completely 
effective,  even  with  the  deoxidizing  filler  wire  employed.  Also,  the 
greater  iieat  input  and  the  lower  power  density  (heat  loealt zation) ^of 
the  GMA  process,  vs.  the  GTA  process,  results  In  greater  porosity 

A representative  cross  section  of  one  of  these  wela  plates  is 
shown  in  Fig.  5-13  Indicating  the  overall  large  columnar  grain  structure 
of  the  weld  fusion  zone  with  the  enlarged  equiaxed  HAZ  and  the  spherical 
porosity  present  in  the  weld  fusion  zone.  Hardness  measurements  for  the 
as-received  copper  plate  were  measured  at  Rp  68  (Approx.  19)  while 
the  as-welded  fusion  zone  hardness  was  extremely  soft  at  ^ 17.  The 
mechanical  properties  of  the  GMA  weldments  in  the  oxygen  free  copper 
base  metal  (see  Section  6)  nevertheless  show  both  strength  and  ductility 
levels  comparable  to  that  of  the  base  metal.  Fractures  of  these  welded 
copper  samples  were  all  in  the  base  metal. 

5. 3.1.2  Weldments  _in  AJLS1  31  OS  Stainless  Steel 

Weldments  were  made  in  A1SI  310S  Stainless  Steel  base  metal, 

STQ  (Fig.  5-14)  by  the  Shielded  Metal  Arc  (SMA)  welding  process.  This 
process  - material  combination  was  selected  for  two  reasons: 

(a)  SMA  welding  is  the  most  widely  used  fusion  arc  welding 
process  and  was,  in  fact,  utilized  in  the  fabrication  of 
310S  Stainless  components  in  a Westinghouse  3600  rpm, 

5 MVA  superconducting  generator  rotor. 

, * . (29) 

(b)  SMA  welding  of  310S  Stainless  Steel  has  been  reported 

to  involve  microcracks  in  the  weld  fusion  zone  predominently 
in  weld  passes  which  have  been  reheated  by  the  deposition  of 
subsequent  weld  passes.  Although  the  general  conclusion  of 
Ref.  29  was  that  such  microcracks  in  a fully  austenitic  welded 
joint  "are  unlikely  to  be  significant",  it  was  felt  desirable 
to  investigate  this  situation  further  in  the  present  work. 

Two  weld  test  plates  were  made  measuring  approximately  18 
long  by  6"  wide  by  5/8"  thick.  These  plates  were  initially  solution 
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treated  (2000°F  - 1 hr  in  hydrogen)  and  water  quenched  prior  to  welding 
in  the  flat  position  according  to  the  conditions  listed  in  Table  5-9. 
Filler  wire  used  was  E310— 16  of  composition  shown  in  Table  5-3. 
Photograph  of  x-rays  taken  of  these  two  weldments  are  shown 
Figs.  5-15  and  5-16.  The  macro-  and  microstructure  of  a representative 
transverse  cross  section  is  shown  as  Fig.  5-17.  The  quality  of  these 
weldment)  is  considered  quite  good  as  no  such  microcracks  as  mentioned 
by  Ref.  29  were  observed  metallographically  and  only  small  isolated 
porosity  is  evident  in  the  radiographs.  ■ 


5 . 3 . 1 . 3 Weldments  in  Inconel  X750  Superallo' 


Weldments  in  Inconel  X750  nickel-base  superalloy  were  accom- 
plished with  two  welding  processes,  namely:  High  Vacuum  Electron  Beam 
Welding  (HVEBW)  and  Gas  Tungsten  Arc  Welding  (GTAW) . An  additional  con- 
sideration of  pre-  and  post  weld  heat  treatment  was  also  considered  with 
both  welding  processes  as  follows: 


Pre-weld  treatment,  ST  - Solution  treat  at  1800°F  - 1 hr  and  air  cool; 
STDA  - ST  + Double  Age  at  1350°F  - 8 hrs  furnace  cool  to  1150°F,  hold 
8 hrs  and  air  cool.  Post  weld  treatment  STDA  - same  as  above. 


The  HVEB  Welding  was  accomplished  at  Materials  Technology, 

Inc.  in  Youngstown,  OH  on  a 6 kW,  150  kV  Hamilton  Standard  EB  Welding 
Machine  according  to  the  welding  conditions  listed  in  Table  5-9.  As 
the  base  material  was  obtained  from  transverse  sections  of  a 10"  diameter 
billet  (MP-1) , several  relatively  small  weld  test  plates  were  required 
to  provide  sufficient  welded  material  for  the  numerous  mechanical  test 
specimens,  the  results  of  which  are  reported  in  Section  6.  Photographs 
of  these  weldment  x-rays  are  shown  in  Figs.  5-18  and  5-19.  Some  linear 
weld  centerline  defect  indications  are  indicated  on  these  radiographs 
and  were  avoided  in  laying  out  mechanical  test  specimens  from  these 
weld  plates  wherever  possible.  Standard  optical  microstructural  examina- 
tion of  transverse  sections  taken  through  such  linear  indications  in 
material  with  a STDA  preweld  heat  treatment  (Condition  33XX)  revealed 


«>u  ^ 


¥ 


cracking  in  the  weld  fusion  zone  centerline  as  shown  in  Fig.  5-21). 

Defect  1 was  Lhe  most  extensive  crack  found  and  was  located  in  the 
weld  termination  crater  area  approximately  1/4  inch  from  the  end  of  the 
weld  test  plate.  Defect  2 was  considerably  less  extensive  and  was 
located  approximately  1-1/2  inch  from  the  weld  finish  end  of  this  same 
test  plate.  These  cracks  are  indicative  of  hot  (shrinkage)  cracking 
and  would  be  considered  unacceptable  in  an  actual  component  fabrication. 
Fractographic  examination  of  tested  weldment  sections  did  not  reveal  any 
evidence  of  such  cracks  on  the  fracture  surfaces  indicating  that  specimen 
layout  on  these  EB  welded  plates  did  successfuily  avoid  including  them. 
These  centerline  defects  in  the  weld  fusion  zone  are  visible  in  the 
x-rays  of  many  11VKB  weldments  and  are  not  to  be  confused  with  the  much 
smaller  intergranular  microf isures  found  in  the  IIAZ  of  these  EB  weld- 
ments. These  later  microfisures  which  were  observed  in  all  pre-  and 
post  weld  heat  treatment  condition:  re  discussed  in  more  detail  in  the 

previous  report ^ and  are  too  small  to  be  visible  in  the  radiographs 
of  these  weldments.  The  former  defects  in  the  center  of  the  EB  weld 
fusion  zone  apparently  did  not  influence  the  tensil  : and  notched 
tensile  mechanical  properties  measured  for  these  composite  weldment 
specimens  as  the  fractures  were  all  observed  in  the  base  metal  or  weld 
heat  affected  zones  and  not  in  the  weld  fusion  zone 

The  GTA  weldments  in  Inconel  X750  were  welded  in-house  at 
the  Westinghouse  Research  Labs  using  the  conditions  listed  in 
Table  5-9.  Photographs  of  x-rays  taken  of  these  weldments  are 

shown  in  Figs.  5-21  through  5-24.  No  linear  defect  indications  were 
found  in  any  of  these  GTA  weldment  x-rays  although  some  small  scattered 
porosity  is  observed  primarily  along  the  center  of  the  weld  fusion  zone. 
No  indications  of  H.A.Z.  microf issuring  were  detected  in  these  weldments 
contrary  to  the  case  of  the  HVEB  weldments  in  this  material.  Typical 
macro-  and  microstructures  of  these  GTA  weldment'  were  shown  as  Fig.  5-8 
in  the  previous  report 
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5. 3. 1.4  Weldments  in  Kromarc  58  Stainless  Steel 


Previous  references  (30-33) concerning  the  welding  of  Kromarc  58 
stainless  steel  were  reviewed.  Weldments  were  made  in  Kromarc  58  plate 
material  in  the  following  processing/welding  conditions: 


Code  82XX 


Code  83XX 


Code  84XX 


Code  85XX 


(GTAW)  - Plates  K-7  and  K-8  were  cold  rolled  from  the 
original  1 inch  plate  thickness  to  0.7  inch  thickness, 
solution  treated  1 hour  at  1800°F  and  water  quenched 
(STQ)  and  then  gas  tungsten  arc  welded  as  per  conditions 
listed  in  Table  5-9. 


(CW/GTAW)  - Plate  K-9  was  solution  treated  (1800°F  - 1 hr 
WQ)  cold  rolled  from  the  original  1 inch  plate  thickness 
to  0.7  inch  thickness)  and  gas  tungsten  arc  welded  as 
per  conditions  listed  in  Table  5-9. 

(GTAW/ CW)  - Plate  K-4  was  solution  treated  (1800°F  - 1 hr 
and  water  quenched  prior  to  gas  tungsten  arc  welding  as 
per  conditions  listed  in  Table  5-9  for  1 inch  thickness. 

The  1 inch  thick  welded  plate  was  then  reduced  in  thick- 
ness to  5/8  inch  thickness  (approx.  37%  cold  work). 

(GTAW/ CW/ AN)  - Plate  K-l  was  solution  treated  (1800°F  - 1 hr) 
and  water  quenched,  gas  tungsten  arc  welded  as  per  conditions 
listed  in  Table  5-9,  reduced  to  5/8  inch  thickness  (approx. 
37%  cold  work) , sectioned  into  two  halves  and  then  given 
a final  anneal  at  1500  (1st  half)  1600°F  (second  half)  for 
1 hr  to  recryatallize  both  the  weldment  and  the  base  metal 
(see  Section  5.2.3  for  processing  detail). 

All  base  plate  material  was  from  the  same  heat  (HT-D8339)  of 
Kromarc  58  stainless  steel  1 inch  thick  starting  material.  All  Kromarc  58 
weldments  were  accomplished  with  the  gas  tungsten  arc  welding  (GTAW) 
process  using  multipasses  of  Kromarc  58  stainless  filler  wire  with  the 
weldments  made  parallel  to  the  rolling  direction  of  the  K-58  plate  material. 


This  fiLler  wire  was  produced  in-house  in  the  Metals  Processing  Section 
of  the  Westinghouse  Research  Labs  (see  Section  5.2.4  for  details). 

The  GTA  welding  parameters,  process  and  joint  configuration 
details  for  ail  Kromarc  58  weldments  in  this  program  are  given  in 
Table  5-9.  Photographs  (contact  prints)  of  radiographs  of  each  of  these 
weldments  are  shown  as  Figs.  5-25  to  5-28.  A photograph  showing  the 
five  Kromarc  58  plate  weldments  from  which  mechanical  property  test 
specimens  were  obtained  is  shown  in  Fig.  5-29  in  the  as-welded  condition. 
Photographs  showing  the  macro-  and  microstructure  of  these  multipass 
GTA  K-58  weldments  in  transverse  section  are  shown  in  Figs.  5-30  to  5-32. 

The  philosophy  of  selecting  the  various  welding  and  processing 
combinations  in  Kromarc  58  employed  in  this  work  is  as  follows: 

1.  Conditions  for  Code  82XX  material  (as-welded,  in  prior  solution 
treated  material)  establishes  the  base  line  as-welded  status  for 
this  Kromarc  58  stainless  alloy. 

2.  Conditions  for  Code  83XX  material  (cold  worked  and  then  welded) 
allows  the  evaluation  of  the  strength  and  toughness  degradation 
associated  with  a weldment  (as-welded)  in  prior  cold  worked  material. 
The  advantage  of  cold  working  an  austenitic  base  material  such  as 
Kromarc  58  is  in  achieving  significant  strength  improvements  and 

yet  still  retaining  relatively  high  fracture  toughness  (see  Section  6 
of  this  report  for  comparison  of  Kromarc  58  STQ  base  material  - Code 
80XX  - vs  cold  worked  K-58  base  metal  - Code  81XX  - properties) . 

A weldment  in  such  cold  worked  material,  however,  is  anticipated  to 
have  lower  ductility  and  strength  in  the  weld  fusion  zone  and  lower 
strength  in  the  base  metal  heat-affected-zone  (HAZ) . 

3.  Conditions  for  Code  84XX  material  (GTA  welded  and  subsequently  cold 
worked)  provides  a means  of  avoiding  the  loss  of  strength  in  the  HAZ 
of  the  prior  cold  worked  base  metal  since  the  cold  work  is  here  intro- 
duced following  welding.  Additionaliy , the  post  weld  cold  work  also 
plastically  deforms  and  strengthens  the  weld  fusion  zone  by  modifying 
the  as  cast  weld  structure. 


4,  Conditions  for  Cods  85XX  material  (GTA  welded,  cold  worked  and  then 
subsequently  heat  treated)  are  selected  to  recrystallize  and  refine 
the  grain  size  of  both  the  cold  worked  base  metal  and  the  cold 
worked  weld  fusion  zone.  This  treatment  has  the  potential  of  pro- 
viding both  base  metal  and  weld  FZ  strength  levels  above  that  of  the 
STQ  and  as-welded  conditions,  yet  somewhat  less  than  in  the  as-cold- 
worked  condition.  Toughness,  on  the  other  hand,  is  expected,  a 
priori,  to  be  improved  in  both  the  base  metal  and  weld  fusion  zone 

1 

over  the  as-cold-worked  condition.  In  addition,  effects  of  the  HAZ 
and  residual  stress  gradations  from  welding  and  cold  working  are 
minimized  (if  not  entirely  eliminated)  by  the  post  cold  work  recry— 
stallization  heat  treatment  (see  Section  5.2.3  for  details). 

5.3.2  Brazing 

As  stated  earlier  in  Section  5.3.2  of  the  preceeding  report 
little  information  appears  available  in  the  open  literature  concerning  the 
mechanical  behavior  of  brazed  joints  under  cryogenic  service  (or  test) 
conditions.  Several  additional  references^  ^ were  reviewed  con- 
cerning brazing  technology  and  techniques  which  were  felt  useful  as 
background  to  this  endeavor.  No  references  have  been  located  concerning 
the  cryogenic  behavior  of  copper  brazed  Inconel  X750.  Reed^44^  has  pub- 
lished some  data  concerning  the  low  temperature  mechanical  properties  of 
silver  brazed  (in  air)  lap  joints  in  1/4  inch  thick  phosphorous  deoxi- 
dized copper.  These  specimens  demonstrated  respectable  shear  strengths 
whose  magnitude  decreased  as  the  width  of  the  overlap  joint  increased 
at  cryogenic  temperatures  with  the  inverse  strength-temperature  relation- 
ship of  the  parent  base  metal  far  exceeding  that  of  the  brazed  joint.  No 
comparable  cryogenic  data  on  OFHC  copper  is  known  to  this  author. 

In  this  effort,  it  is  felt  that  a simple  butt  type  joint  con- 
figuration instead  of  a shear  lap  joint  would  be  far  more  conducive  to 
meaningful  fracture  mechanics  testing.  Consequently,  both  standard 
mechanical  tensile  tests  and  fracture  mechanics  tests  were  planned  for 
specimens  of  only  the  butt  joint  type. 

Two  brazement  test  conditions  are  incorporated  into  this 
project,  namely,  a copper  brazed  Inconel  X750  (ST)  condition  (Code  38XX) 
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and  a silver  alloy  brazed  OKHC  copper  condition  (Code  13XX) . Both 

brazed  joints  are  of  the  straight  butL  joint  design  in  1/2  inch  thick 
material . 

5 • 3 • 2 • 1 Copper  Brazement  in  Inconel  X75Q 

The  rationale  for  using  a copper  brazement  with  the  Inconel 
X750  may  be  described  as  follows: 

Inconel  X750  contains  elements  such  as  Cr,  A1 , and  Ti  which  form 
refractory  oxides  in  normal  copper  brazing  atmospheres.  The 
copper  plating  technique  provides  a means  to  prevent  such  oxide 
formation  on  the  joint  faces  and  consequently,  should  result  in  a 
good  bond . 

• Copper  and  nickel  are  mutually  soluble  and  thus  no  intermetallic 
compound  formation  between  these  elements  would  form  to  degrade 
the  brazed  joint. 

The  high  thermal  conductivity  of  copper  provides  for  a high 
thermal  efficiency  of  the  brazed  joint  which  is  useful  in  S.C. 
machinery  applications. 

The  high  toughness  of  copper  is  likewise  a desirable  attribute 
of  such  brazed  joints. 

The  copper  brazed  joints  in  Inconel  X750  (VIM-VAR)  base 
material  consist  of  a thin  ('v  1.0  mil  thick)  layer  of  electro- 
deposited  copper  on  each  mating  surface.  The  Inconel  X750  surfaces 
were  machined  to  a 20  microinch  rms  surface  finish  initially  and  then 
precleaned  prior  to  electroplating  as  follows: 

Ultrasonic  cleaned  with  acetone 

Ultrasonic  cleaned  with  alconox  in  deionized  water 
Rinsed  with  deionized  water 
• Rinsed  with  methol  alcohol 
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The  two  X750  plate  surfaces  were  then  copper  plated  at  the 
Westinghouse  Research  Labs  with  an  approximately  2 mil  thickness  of 
high  purity  copper.  The  copper  plated  surfaces  were  subsequently 
machined  back  to  a 20  microinch  surface  finish  and  to  a nominal  thick- 
ness of  1 mil.  The  initial  test  sample  plate  was  then  vacuum  furnace 
brazed  at  2050°F  for  5 minutes  and  then  rapid  cooled  by  backfilling  the 
furnace  with  argon.  Visual  examination  of  the  as-brazed  sample  revealed 
surface  oxidation  on  the  plate  surfaces  adjacent  to  the  brazed  seam  and 
several  unbrazed  areas  along  the  length  of  the  joint  as  shown  in 
Mg.  5-33 (c) . This  initial  brazed  plate  was  then  broken  apart  and  the 
mating  surfaces  observed  to  be  likewise  oxidized.  It  is  thus  apparent 
that  a contamination  (oxidizing)  problem  existed  with  the  vacuum  furnace 
operation  or  in  the  argon  used  for  backfill  quenching.  In  addition,  the 
quality  of  the  electrodeposited  copper  may  be  suspect.  Further  investi- 
gation into  these  areas  is  in  progress. 


5-3-2-2  Silver  Brazement  in  OFHC  Copper 

The  selection  of  AWS  BAg-8  braze  filler  metal  was  based  upon 
its  simple  binary  chemical  composition,  compatible  melting  temperature 
(1435°F)  with  respect  to  the  melting  point  of  copper  (1981°F),  and  the 
broad  commercial  applicability  of  this  combination.  No  prejudgement 
is  implied  by  this  selection  that  this  braze  filler  is  the  optimum 
choice  for  cryogenic  structures  but  rather  it  should  provide  a baseline 
status  for  evaluation  upon  which  further  improvements  may  be  desirable. 


The  initial  silver  brazements  in  OFHC  Copper  were  conducted 
by  preplacing  flat  strip  of  AWS  BAg-8  silver  brazing  alloy  of  .003" 
thickness  between  two  precleaned  surfaces  of  1/2"  thick  cepper.  The 
nominal  chemical  composition  of  this  braze  filler  metal  is  72%  Ag  - 


28%  Cu,  and  the  combined  melting  and  flow  point  is  1435°F  (780°C) . 
Preparation  of  the  copper  mating  surfaces  consisted  of  machining  to  a 
20  y -in . surface  finish  and  cleaning  as  listed  above  for  the  Inconel 
X750  brazements.  Similar  ultrasonic  cleaning  was  performed  on  the 
braze  strip  filler  material.  The  specimens  were  placed  in  a special 
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restraining  fixture  with  the  plate  vertical  and  the  joint  plane  hori- 
zontal. A vacuum  furnace  was  used  to  braze  the  samples.  A photograph 
of  an  x-ray  taken  of  such  a silver  brazed  test  plate  specimen  is  shown 
in  Fig.  5-34 (a) . Also  shown  in  this  figure  is  a photograph  of  the 
brazed  copper  plate  test  assembly  corresponding  to  the  x-ray  above. 

No  apparent  lack  of  bonding  is  observed  in  the  x-ray  or  by  visual 
examination.  Initial  attempts  at  mechanically  separating  these  brazed 
plates  by  restraining  one  plate  half  and  hammering  on  the  other  resulted 
in  no  indications  of  joint  separation.  These  sample  brazements  may 
therefore  be  suitable  for  subsequent  cryogenic  mechanical  tests.  Further 
metallographic  examination  is  in  progress. 

5.3.3  Soldering 

Solder  joints  might  be  considered  in  cryogenic  structural 
applications  both  in  terms  of  strength  and  toughness  of  electrical 
interconnections  and  of  low  stressed  metal  component  (e.g.  damper 
shield  interconnections  or  helium  conduits)  structural  joints  required 
for  improved  interface  thermal/electrical  conductivity  or  for  high 
reliability  hermetic  seals.  Reliable  mechanical  property  and  fracture 
mechanics  property  design  data  for  such  solder  joints  is  extremely 
limited.  Consequently,  this  effort  is  an  attempt  at  demonstrating  the 
feasibility  of  obtaining  such  data  and  providing  initial  baseline  data 
upon  which  further  improvements  may  be  evaluated. 

5 . 3 . 3 . 1 Solder  Joints  in  OFHC  Copper 

As  in  the  case  of  the  above  brazed  joints  (Section  5.3.2), 

a simple  butt  joint  between  two  plate  sections  of  1/2  inch  thickness  was 

considered  condusive  to  both  mechanical  and  fracture  mechanics  type 

test  specimens.  The  solder  filler  metal  selected  for  this  effort  was 

90%  Pb  - 10%  Sn  which  (along  with  97.5  Pb  - 1.5  Ag  - 1.0  Sn  solder)  was 

reported  by  Christian^6  ^ as  being  sufficiently  "tough"  for  use  at 

-423° F , although  Christian  was  reporting  on  parent  solder  material 

properties  and  not  on  soldered  joints.  Other  authors  have  discussed 

(48  49) 

mechanical  properties  of  soldered  joints  ’ , reaction  of  Pb-Sn 
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solders (50\  and  effects  of  process  variables in  copper  and  copper 
alloys.  However,  this  data  does  not  relate  to  either  butt  type  solder 
joints,  cryogenic  temperatures  or  include  fracture  mechanics  tests  and 
evaluation. 

Preliminary  solder  wettability  checks  were  made  on  OFHC  copper 
sheets  using  a Kester  Solder  Flux,  Formula  A715  at  20%  dilution  with 
very  good  results.  Initial  solder  joints  in  1/2  inch  thick  OFHC  copper 
plates  were  then  attempted.  Machined  copper  plate  surfaces  were  first 
abraded  with  steel  wool,  cleaned  with  acetone  in  an  ultrasonic  cleaner, 
then  with  Alconox  in  an  ultrasonic  cleaner  and  finally  rinsed  in  jnethol 
alcohol.  The  plate  surfaces  were  each  presoldered  to  completely  wet 
each  surface  and  the  excess  solder  then  wiped  clear.  The  wetted  surface 
was  then  reabraded  and  cleaned  as  above.  The  solder  joint  was  then 
made  (in  air)  by  using  an  additional  shim  of  .005  inch  thick  90  Pb  - 
10  Sn  solder  coated  with  flux  between  the  two  prewetted  copper  surfaces 
and  clamped.  This  assembly  was  placed  on  a hot  plate  and  heated  to 
650° F,  held  at  temperature  for  5 minutes  and  allowed  to  air  cool. 
Radiographs  of  such  initial  solder  joints  (see  Fig.  5-34(a))  did  not 
reveal  a lack  of  bonding  but  such  was  revealed  when  the  plate  surfaces 
were  separated  as  shown  in  Fig.  5-35(b).  A revised  soldering  procedure 
is  presently  being  pursued. 
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TABLE  5-  8 - PROCESSING  SCHEDULE  FOR  KROMARC  58  STAINLESS  FILLER  WIRE 
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TABLE  5-9  SUMMARY  TABLE  OF  WEI  DING  PROCfSSfS  AND  PARAME1ERS 


BAStMeld. 

Inconel  XT50 

Inconel  X750 

3105  Stainless 

Thickntss 

5/8  Inch 

5/8  Inch 

5/8  Inlh 

Weld  Joint 

Flat  Butt 

Butt.  Dod>le-v  60°lncl.  Angle 

But'.  Single  V.  60°lncl.  Angle 

Process 

Vec.  E.B. 

CTAtt-  Manual 

SMAW  - Manual 

Filler  Metal 

None 

F-69  3/32  Die. 

E 310- 16 

Current 

42.0  mA 

DCSP- 180  Amps. 

DCRP- 150  Amis. 

Voltage 

150  KV 

14- 15  Volts 

20- 23  Volts 

Elect rode 

N/A 

EWTh  ? 3/32  Dia. 

N/A 

Welding  Speed 

20ipm 

■pen 

5 ipm 

No.  ol  Posses 

1* 

12 

15 

Shielding  Cos 

N/A 

50»Ar-»sh  20  dh 

N/A 

Becking  Cos 

N/A 

100%  Ar:  10  dh 

N/A 

Root  Cep 

None 

3/32"  Appro*. 

3/32  " Appro*. 

Dye  Check 

Yes 

Yes 

Yes 

Rediogrephs 

RD  71643.  Plate  1 

RD  73642.  Plate  2 

RO  73641  Plate  3 

RD  73645  Pcs.  16  2 36  4 

RD  73646  Pcs.  566.  766 

RD  73647.  Pcs.  9 6 10  11  6 12 

Initial  Tack  Weld  at  72  ipm 

RD  73841.  Plate  4A  48 

RD  73836  Plate  5A  5B  5t 

R0  73842  Plate  6A.  6B.  6L 

RD  73833.  Plates  7A.  78  7L 

RD  73716  Plate  310  2 

RD  73717  Plate  310- 2 

RD  73789  Plate  310-  3 

RD  73790  Plate  310-  > 

Base  Metal 

Kromarc  58  Stainless 

Kromart  56  Stainless 

OFHC  Copper 

Thickness 

1 inch 

0.7  Inch 

1/?  Inch 

Weld  joint 

Butt.  Double  V.  60°incl.  Angle 

3utt.  Double  V 60°Incl.  Angle 

Butt,  Double  V 90°  I net.  Anqle 

Process 

G TAW  - Manual 

GTAW  Manual 

GTAW*  Manual 

Filler  Metal 

K*  58.  3/3?”  Dia. 

K-58  3/3?”  Dia. 

Deo*.  Cu*18R  l/lb  ’ Dia. 

Current 

DCSP- 180  Amps 

DCSP*  180  Amps 

Df  RP  * 350  400  An ps 

Voltage 

IS  to  16  Volts 

1^  to  16  Volts 

?b.  5*  27.5  Volts 

Electrode 

FWTh*?  3/3?”  Dia. 

FW  Th  2 3/3?"  Oia. 

N/A 

Welding  Spied 

S ipm 

5 ipm 

13  ipm  Travel  ?50  ?70  ipm  Wire  Fee. 

No.  ol  Passes 

30 

16 

? 

Shielding  Gas 

100*  Ar  20  cfh 

100%  A r 20 (th 

100'  Ar  40  kfh 

Backing  Cas 

100%  Ar  60  cfh 

100"  Ar  ‘Oifh 

N/A 

Root  Gap 

3/3?"  Approx. 

3/3?  Appro*. 

No  Gap  1/s  Root  Face 

Dye  Check 

Yes 

>es 

No 

Radiographs 

RD  74338.  Plate  Kl 

RD  7456b  Plate  k 7 

RD  741br*  * late  Cu*  3 

RD/4343  Plate K -4 

tiller  Wire  Made  In  House 

RD  743b/  Plate  k 7 

RD  74V  Plate  K • b 

RD  7437?  Plate  ¥ h 

RO  74370  Plate  k « 

RD  74371  Plate  k-Q 

RD  741bQ  Plate  (u* 4 

RD  74170  Platef  i 5 

• Passes  1 A ? 160  Amps  14*15  Volt* 
Passes  3*4  l?0Amps  i?-|3Volt* 

Filler  Wire  Made  In  House 

tSO  Anps  Pas*.  1 

400  Amps*  Pass  ? 

555- 


G 


(VIM/VAR) 


t'csi 


(A)  Transverse,  View  One 


(B)  Transverse,  View  Two 


MP-2 

(AAM/VAR) 

0 


(C)  Transverse  View 


[0)  Longitudinal  View 


MP-3 

(VIM) 


(E)  Transverse  View  (F)  Longitudinal  View 

Figure  5-2  Photomicrographs  of  Inconel  X750  material  as-received, 
(A&B)  MP-1  (VIM/VAR),  (C&D)  MP-2  (AAM/VAR),  and  (E&F) 
MP-3  (VIM)  (X200) 
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Photograph  of  Hot  Isostatic  Press  (HIP)  facility  at 
Research  Laboratories,  Metals  Processing  section 
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(A)  Zero  Radius,  X2000 


(B)  Zero  Radius,  X2000 


(0!  V2  Radius,  X2000 


Figure  5-4  Scanning  electron  micrographs  of  HIP  Inconel  X750. 
Sample  HX-1,  Vi ” dia.,  transverse  section. 

I-  as  hipped,  I-  HIP  + STDA 


(F)  % Radius,  X2000 


C V2  Radius,  X2Q00 


E)  % Radius,  X2000 
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Figure  5-10  Photographs  showing  defects  experienced  in  initial  attempt  at  fabricating  Kromarc  58 
stainless  filler  wire.  (A)  Transverse  section  and  (B)  Longitudinal  section  of  wire 
swagged  to  .090"  dia.  without  initial  anneal  |X50).  (C)  Residual  longitudinal  surface 
cracks  in  redraw  stock  after  removal  of  .020"  in  dia.  by  surface  grinding  (X2.5)  and 
(0)  Transverse  and  (E)  Longitudinal  section  of  original  redraw  stock  (X200) 
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Figure  5-11  Photographs  of  final  Kromarc  58  filler  wire  of  0.090”  dia 
produced  in-house  for  GTA  welding  (Aj  Tranverse  section, 
(Bj  Longitudinal 
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Fig.  5-12  -Photographs  of  GMA  weld  radiographs 

RD  /4168,  GAM  weld  plate  Cu-3  (Code  12XX) 
RD  74169,  GMA  weld  plate  Cu-4  (Code  12XX) 
RD  74170,  GMA  weld  plate  Cu-5  (Code  12XX) 
Material  OFHC  Copper  - plate  1/2"  thick 
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(A)  Transverse  Section  (X5) 


(B)  Weld  Fusion  Zone  (X100) 


(C)  FZ-HAZ  Transition  (X100) 


(D)  Base  Metal  (X100) 


Figure  5-13  Photomacrograph  (A]  and  photomicrographs  of  GMA  weldment  in  OFHC  copper, 

(Code  12XX),  (B)  Weld  fusion  zone,  (C]  Weld  FZ-HAZ  transition  and  (D)  Base  metal 


f 


RM-blbOS 


(A]  STQ,  Transverse  View 


(B)  STQ,  Longitudinal  View 


(C)  STFC,  Transverse  View  (D)  STFC,  Longitudinal  View 

Figure  5-14  Photomicrographs  of  AISI  310S  stainless  steel. 

(A&B)  Solution  treated  at  2000  °F-1  hr.  and  water 
quenched,  (STQ-Code  20XX),  (C&D)  Solution  treated 
at  2000  °F-1hr.  and  furnace  cooled,  (STFC-Code 
21XX)  (X200) 
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Fig.  5-15  -Photographs  of  SMA  weld  radiographs 

RD  73716,  SMA  weld  plate  No.  310-2-First  Half, (Code  22XX) 
RD  73717,  SMA  weld  plate  No  310-2-2nd  Half, (Code  22XX1 
Material  - AISI  310  S Stainless  Steel  - Plate  5/8"  thick 
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(c)  Micro  Weld  FZ-HAZ  Transition  (X200)  «)  Micro-Base  Metal  Structure  (X200) 

Fiq.5-17  Macro  (a)  and  microstructure  (b,  c,  & d)  of  310S  stainless  steel  base 
metal  and  typical  SMA  weldment  (5/8 "thick)  using  D 10-16 covered  electrode.  (22XX) 
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(b)  Micro  Weld  Fusion  Zone  (X200) 
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(a)  Macro  Weld  Profile  (X5) 
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Fig.  5-18  -Photographs  of  vacuum  electron  beam  weld  radiographs 
RD  73643-EB  Plate  No.  1 ST/EBW  ( Code  32XX) 

RD  73642 -EB  Plate  No.  2 STDA/EBW  ( Code  33XX) 

RD  73641 -EB  Plate  No.  3 EBW/STUA  ( Code  34XX) 
Material  Inconel  X750  ( VIM-VAR)  - Plate  5/8"  thick 
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1 “ 19  -Photographs  of  vacuum  electron  Beam  weld  radiographs 
RD  74645,  EB  pieces  1&2,  3&4,  EBW/  STDA  (Code  34XX) 
RD  74646,  EB  pieces  5&6,  7&8,  ST /EBW  (Code  32XX) 

RD  74647,  EB  pieces  9&10,  11&12,  STDA/EBW  (Code  33XX) 
Material  Inconel  X750  (VIM-VAR)  - plate  5/8"  thick 
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Fig.  5—21  -Photographs  of  GTA  weld  radiographs 

RD  73841  - GTA  weld  plate  No.  4A  ST/ GTA  A/  ( Code  35XX) 

RD  73841  - GTA  weld  plate  No.  4B  STDA/GTAW  'Code  36XX) 
Material  Inconel  X750(VIM-VAR)  - plate  5/8"  thick 
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Fig.  5-22  -Photographs  of  GTA  weld  radiographs 

RD  73836 -GTA  weld  plate  No.  5A,  5B,  & 5C  ST/GTAW  (Code  35XX) 
Material  Inconel  X750  (VIM-VAR)  - Plate  5/8"  thick 


i it  t 


RM-615  78 


Fig.  5-24  -Photographs  of  GTA  weld  radiographs 

RD  73835  - GTA  weld  plate  No.  7A,  7B,  & 7C  CTAW/STDA  (Code  37XX) 
Material  Inconel  X750  (VIM-VAR)  - Plate  5/8'  thick 


Fig.  5-25  -Photographs  of  GTA  weld  radiographs 

RD  74366,  GTA  weld  plate  K58-7  First  Half,  STO/GTAW  (Code  82XX) 
RD  74367,  GTA  weld  plate  K58-7  2nd  Half,  STO/GTAW  (Code  82XX) 
Material  Kromarc  58  Stainless  Steel  - Plate  thickness  5/8  inch 
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Fig.  5~  26  -Photographs  of  GTA  weld  radiographs 

RD  74368,  GTA  weld  plate  K58-8  First  Half.STO/ GTAW  (Code  82XX) 
RD  74372,  GTA  weld  plate  K58-8  2nd  Half.STO/ GTAW  (Code  82XX) 
Material  Kromarc  58  Stainless  Steel  - Plate  thickness  5/8  inch 
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Fig.  5-27  -Photographs  of  GTA  weld  radiographs 

RD  74370,  GTA  weld  plate  K58-9  First  Half,  cw / GTAW  (Code  83XX) 
RD  74371,  GTA  weld  plate  K58-9  2nd  Half,  cw/GTAW  (Code  83XX) 
Material  Kromarc  58  Stainless  Steel  - Plate  thickness  5/8  inch 
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Fig.  5-28  -Photographs  of  GTA  weld  radiographs 

RD  74338,  GTA  weld  plate  No.  K58-1  GTAW / cw/ar,  (Code  85XX) 
RD  74343,  GTA  weld  plate  No.  K58-4  GTAW/cw  (Code  84XX) 
Material  Kromare  58  Stainless  Steel  - Plate  thickness  1 in.  (as  welded) 
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(A)  As  GTA  Welded  (X4)  (B)  GTAW/Cold  worked  (37%),  (X5) 


(C)  GTAW/CW /1500°F  (X5)  ' (0)  GTAW/CW/1600  °F  (X5) 


Figure  5-30  Macro-photographs  of  Kromarc  58  stainless  weldments  in  transverse 
section  (A)  as  GTA  welded  (Code  82XX),  (B)  GTAW/cold  worked 
( 37%)— (Code  84XX),  (C)  Partially  recrystallized  GTAW/CW/1500  °F- 
(Code  85XX]  and  (0)  Fully  recrystallized  GTAW/CW/1600  °F-(Code  86XX] 
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(A)  Macro  Weld  Profile  (X4) 


(B)  Micro  Weld  Fusion  Zone  ,a200) 


(C)  Micro  Weld  FZ-HAZ  Transition 
(X200) 


(D)  Micro  Base  Metal  Structure 
(X200) 


Figure  5-31  Macro  (A)  and  microstructure  (B,C,  & D)  of  Kromarc  58 
stainless  steel  base  metal  and  typical  GTA  weldment 
(1”  thick-as  welded)  using  Kromarc  58  filler  wire, 
(Code  84XX) 
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(A)  Distance  From  Plate  Surface  Along  Weld 


(B)  Schematic 
Cross  Section 


(C)  Macro  Section 


(D)  Weld  Fusion  Zone  (E)  FZ-HAZ  Transition 
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(F)  FZ-HAZ  Transition  (G)  Weld  Fusion  Zone 


(H)  Base  Metal 


Figure  5 32  Microhardness  sum,  (I)  t (B).  macrostructure  (C)  |X4),  and  microstructure  of  GTA 
welded  kromarc  58  stainless  {plate  K-1)  as  welded,  (D)  through  (H)  (X200) 
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(A)  Inconel  X750  Braze  Plate  Sections 
Mating  Surfaces  Copper  Plated 


(C)  Initial  Brazed  X750  Assembly 
Note  Unbrazed  Areas  (Arrows) 


(B)  Cu  Plated  X750  Surfaces 
Before  Brazing  Attempt 


(D)  Cu  Plated  X750  Surfaces  after 
1 st.  brazing  Attempt. 


Figure  5-33  Photographs  of  coppei  plated  Inconel  X750  braze  specimen  before  (A  & B) 
and  after  (C  & D)  unsuccessful!  initial  brazing  test. 


(A)  Radiograpn  Of  Copper  Solder  (13-14)  And  Braze  (5-6)  Test  Pieces 


(B)  Solder  Test  Speciemen  Surface  (C)  Brazed  Test  Specimens 

Separated  After  Soldering  (X5) 

Figure  5-34  Photographs  of  initial  copper  solder  and  brazed  test  samples 
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6.0  FRACTURE  MECHANICS 


Introduction 

The  advent  and  necessity  of  more  and  more  cryogenic  or  super- 
conducting devices  has  created  a strong  demand  by  designers  for  the 
material  properties  required  to  insure  immunity  from  structural  failure 
of  these  systems.  Naturally,  the  cryogenic  environment  has  placed  severe 
restrictions  on  the  development  of  these  required  material  properties, 
especially  those  in  the  area  of  fracture  mechanics  technology.  Recent 
advances  in  fracture  mechanics  technology,  however,  especially  in  the 
area  of  elastic  plastic  fracture,  have  now  made  it  possible  to  determine 
the  required  fracture  mechanics  material  properties  (specifically  fracture 
toughness  and  crack  growth  rate)  necessary  to  permit  the  application  of 
fracture  mechanics  technology  to  structures  and  components  subjected  to 
cryogenic  environments,  thus  insuring  their  structural  performance. 

The  purpose  of  this  section  of  the  technical  report  is  to 
present  and  summarize  the  material  properties  data  (tensile,  notched  tensile, 
fracture  toughness  and  crack  growth  rate)  generated  to  date  on  Inconel  X750, 
OFHC  copper  and  310  S plus  Kromarc  58  stainless  steels.  In  addition,  the 
recently  developed  elastic  plastic  fracture  criterion  and  the  associated 
resistance  curve  test  technique  which  was  utilized  to  obtain  elastic 
plastic  (JIc)  fracture  toughness  values  are  briefly  reviewed. 

Status 

Concerning  the  overall  status  of  the  tensile,  notched  tensile, 
fracture  toughness  and  fatigue  crack  growth  rate  material  properties, 
some  additional  work  is  in  progress  (see  Table  3-1). 

Naturally,  our  objective  is  to  complete  all  of  the  work  indicated  in 
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the  test  matrix  of  Table  3-1.  The  primary  reason  for  our  being  slightly 
behind  schedule  is  the  added  effort  (both  in  additional  time  and 
test  specimens)  required  to  conduct  and  develop  elastic  plastic  as 
opposed  to  linear  elastic  fracture  toughness  values. 

As  of  the  writing  of  this  report,  the  following  additional 
tests  have  been  completed.  The  results  are  presently  being  analyzed. 

1.  The  remaining  cryogenic  fatigue  crack  growth  rate 
tests  on  310  S stainless  steel  (conditions  STQ 
and  STFC). 

2.  All  cryogenic  fatigue  crack  growth  rate  tests  on 
310  S stainless  steel  shielded  metal  arc  welds. 

3.  All  cryogenic  fatigue  crack  growth  rate  tests  on 
Kromarc  58  stainless  steel  (conditions  STQ  and 
CW). 

6. 1 Tensile  Results 

The  base  metal  tensile  properties  of  Inconel  X750  (conditions 
AAM-VAR,  VIM,  HIP  and  HIP/STDA)  are  illustrated  in  Figures  6-1  thru 
6-4,  respectively.  In  addition.  Figure  6-5  presents  graphically  a 
comparison  of  the  yield  strength  levels  of  every  manufacturing  process/ 
heat  treatment  combination  of  Inconel  X750  base  metal  investigated  in 
this  program.  Finally,  for  overall  comparison  purposes,  all  the  tensile 
properties  generated  to  date  on  Inconel  X750  at  75°F  (297°K) , -320°F 
(77°K)  and  -452°F  (4.2°K)  are  summarized  in  Tables  6-1  thru  6-3, 
respectively. 

Returning  to  Figure  6-5,  note  the  vacuum  induction  melted  (VIM) 
Inconel  X750  produced  the  maximum  0.2%  yield  strength  level  compared 
with  all  other  manufacturing  process/heat  treatment  combinations  of 
Inconel  X750  throughout  the  majority  of  the  test  temperature  range. 

In  addition,  vacuum  induction  melted  Inconel  X750  experienced  the 
largest  increase  in  yield  strength  with  decreasing  temperature.  Also, 
both  the  vacuum  induction  melted/ vacuum  are  remelted  (VIM-VAR)  and  hot 
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isostatic  pressed  (HIP)  Inconel  X750  sustained  a 15  to  25  percent  increase 
in  yield  strength  when  solution  treated  and  double  aged.  Finally,  note 
only  the  vacuum  Induction  melted/vacuum  arc  remelted  (VIM-VAR)  Inconel  X750 
(both  heat  treatments)  displayed  a decrease  in  yield  strength  with 
decreasing  temperature  (between  -320°F  and  -452eF).  This  apparent 
decrease  in  yield  strength  at  -452°F  may  be  explained  by  the  fact  that 
all  specimens  tested  at  -452°F  had  a grain  size  about  twice  as  large 
as  those  tested  at  higher  temperatures  (see  Section  7 on  Microstructural 
Analysis,  First  Semi-annual  Progress  Report  for  additional  details).  ^ 

The  lowest  yield  strength  values  were  also  established  by  this  same  solution 
treated  vacuum  induction  melted/vacuum  are  remelted  (VIM-VAR)  Inconel  X750. 

In  general,  the  ultimate  strengths  relative  to  the  various 
manufacturing  process /heat  treatment  combinations  of  Inconel  X750 
followed  the  same  trends  demonstrated  by  the  corresponding  yield  strengths. 
The  only  significant  difference  is  the  larger  increase  with  decreasing 
temperature  experienced  by  the  ultimate  strengths  as  compared  with  the 
yield  strengths. 

Let  us  now  turn  our  attention  to  the  ductility  properties  (re- 
duction in  area  and  elongation)  of  the  various  manufacturing  process/ 
heat  treatment  combinations  of  Inconel  X750  base  metal.  First,  for  all 
six  manufacturing  process/heat  treatment  combinations  of  Inconel  X750 
base  metal,  the  reduction  in  area  decreases  with  decreasing  temperature 
throughout  the  test  temperature  range.  Concerning  the  elongation  properties, 
no  general  trend  with  temperature  is  discernible.  Overall,  the  air 
arc  melted/vacuum  arc  remelted  (AAM-VAR)  and  hot  isostatic  pressed  (HIP) 
Inconel  X750  demonstrated  the  best  reduction  in  area  and  elongation 
properties.  The  lowest  reduction  in  area  and  elongation 
properties  were  established  by  solution  treated  and  double  aged  vacuum 
induction  melted/vacuum  arc  remelted  (VIM-VAR)  Inconel  X750. 

Figure  6-6  illustrates  the  tensile  properties  of  OFHC  copper 
gas  metal  arc  welds.  Note  that  all  the  test  specimens  fractured  in  the 
base  metal  as  opposed  to  the  weld  or  heat  affected  zone.  As  a result, 
these  tensile  properties  and  their  behavior  versus  temperature  are  quite 
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similar  to  those  previously  developed  on  as  received  and  stress  relieved 
OFHC  coppet  base  metal.  ^ Obviously,  the  OKHC  copper  gas  metal  arc 
welds  will  not  be  a weak,  link  as  far  as  adequate  strength  or  ductility  is 
concerned  in  an  OFHC  copper  structure  or  component. 

The  tensile  properties  of  solution  treated  and  water  quenched 
plus  30  percent  cold  worked  Kromarc  58  stainless  steel  base  metal  are 
illustrated  respectively  in  Figures  6-7  and  6-8  while  Figures  6-9  thru 
6-li  present  the  tensile  properties  of  Kromarc  58  stainless  steel  gas 
tungsten  arc  welds.  Also,  again  for  overall  comparison  purposes,  all 
the  tensile  properties  generated  to  date  on  OFHC  copper,  AISI  310  S 
stainless  steel  and  Kromarc  58  stainless  steel  at  75°F  (297°K'>  , 

-320°F  (77°K)  and  -452°F  (4.2°K)  are  summarized  In  Tables  6-4  thru  6-6, 
respectively . 

Regarding  the  tensile  properties  of  Kromarc  58  stainless  steel 
base  metal,  note  that  cold  working  the  Kromarc  58  stainless  steel  30 
percent  causes  a substantial  increase  in  yield  strength  (from  a 35 
percent  increase  at  -452°F  (4.2°K)  :o  a 155  percent  increase  at  75°F 
(4. 2°K)).  Also,  the  yield  strength  of  cold  worked  Kromarc  58  stainless 
steel  has  a reduced  rendency  to  increase  with  decreasing  temperature 
when  compared  with  the  yield  strength  behavior  of  solution  treated  and 
water  quenched  Kromarc  53  stainless  steel. 

Turning  to  Figure  6-8,  note  the  excellent  ductility  (reduction 
in  area  and  elongation)  displayed  by  solution  treated  and  water  quenched 
Kromarc  58  stainless  steel.  As  expected,  cold  working  the  Kromarc  58 
stainless  steel  obviously  reduced  its  ductility.  Except  for  a low  room 
temperature  elongation  value,  however,  the  30  percent  cold  worked 
Kromarc  58  stainless  steel  base  metal  also  demonstrates  adequate 
reduction  in  area  and  elongation.  In  fact,  the  reduction  in  area 
experienced  by  the  cold  worked  Kromarc  58  stainless  steel  exceeds  that  of 
the  air  arc  melted/vacuum  arc  remelted  (AAM-VAR)  and  hot  isostatic 
pressed  (HIP)  Inconel  X750  regardless  of  temperature.  Overall,  the  cole, 
worked  Kromarc  58  stainless  steel  certainly  warrants  solid  consideration 
as  a structural  material  for  cryogenic  applications  based  on  its  high 
strength  in  combination  with  surprisingly  good  ductility. 
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The  tensile  properties  of  Kromarc  58  stainless  steel  gas 
tungsten  arc  welds  (GTA,  Code  82xx)  are  illustrated  in  Figure  6-9.  Note 
at  room  temperature  the  weld  specimen  fractured  in  the  base  metal.  Values 
of  yield  strength  and  ultimate  strength  determined  from  this  specimen, 
however,  are  over  thirty  percent  higher  than  those  for  solution  treated  and 
water  quenched  Kromarc  58  stainless  steel  base  metal  while  its  reduction  in 
area  and  elongation  properties  were  ten  and  twenty  percent  lower,  respec- 
tively. This  increase  in  strength  and  decrease  in  ductility  may  have  been 
caused  by  precipitation  of  nitride  and/or  carbides  (sensitization)  from  the 
gas  tungsten  arc  multipass  welding  operation.  All  the  remaining  Kromarc  58 
stainless  steel  gas  tungsten  arc  weld  tensile  specimens  fractured  in  the 
weld  or  heat  affected  zone.  The  yield  and  ultimate  strengths  of  these  gas 
tungsten  arc  welds  are  very  similar  to  the  yield  and  ultimate  strengths  of 
solution  treated  and  water  quenched  Kromarc  58  stainless  steel  base  metal 
(see  Tables  6-5  and  6-6).  In  addition,  the  ductility  (reduction  in  area 
and  elongation)  of  the  gas  tungsten  arc  welds  is  only  slightly  lower  than 
that  of  the  solution  treated  and  water  quenched  Kromarc  58  stainless  steel 
base  metal.  Therefore,  although  the  cryogenic  gas  tungsten  arc  weld  tensile 
specimens  failed  in  the  weld  region,  the  strength  and  ductility  of  these  gas 
tungsten  arc  welds  are  nearly  equivalent  to  those  of  the  solution  treated 
and  water  quenched  Kromarc  58  stainless  steel  base  metal,  and  as  such  these 
gas  tungsten  arc  welds  should  not  be  considered  a weak  link  in  a Kromarc  58 
stainless  steel  structure  or  component  from  a strength  or  ductility 
standpoint. 

The  tensile  properties  of  pre-weld  and  post-weld  cold  worked 
Kromarc  58  stainless  steel  gas  tungsten  arc  welds  are  illustrated  graphically 
in  Figures  6-10  and  6-11,  respectively.  All  these  gas  tungsten  arc  weld 
tensile  specimens  fractured  in  the  weld  or  heat  affected  zone.  Observing 
Tables  6-4  thru  S-6,  note  the  yield  and  ultimate  strengths  of  Kromarc  58 
stainless  steel  gas  tungsten  arc  welds  are  increased  by  either  pre-weld  or 
post-weld  cold  working.  As  expected,  post-weld  cold  working  the  gas  tungsten 
arc  welds  produced  the  greater  increase  in  yield  and  ultimate  strengths.  The 
reduction  in  area  values  of  pre-weld  cold  worked  gas  tungsten 
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arc  welds  are  quite  similar  to  those  of  the  standard  Kromarc  58  gas 
tungsten  arc  welds.  The  reduction  in  area  values  for  the  post-weld 
cold  worked  Kromarc  58  gas  tungsten  arc  welds,  however,  are  17  to  22 
percent  lower  than  those  of  the  non  cold  worked  Kromarc  58  gas  tungsten 
arc  welds.  Either  pre-weld  or  post-weld  cold  working  the  gas  tungsten 
arc  welds  created  a significant  decrease  in  the  percent  elongation 
experienced  by  these  welds. 

6.2  Notched  Tensile  Results 

The  purpose  of  notched  tensile  tests  is  to  screen  the  notch 
toughness  in  terms  of  the  comparison  parameter  defined  as  the  ratio  of 
notched  tensile  fracture  strength  to  the  tensile  yield  strength  of  a 
particular  material  for  a specific  notch  acuity.  Increasing  values  of 
the  ratio  above  1.0  are  considered  to  indicate  increasing  ability  of 
the  material  for  plastic  deformation  at  the  notch  tip.  Stated  alterna- 
tively, increasing  values  of  the  ratio  above  1.0  can  be  utilized  as  a 
measure  of  the  material's  resistance  to  catastropic  brittle  fracture. 

In  all  cases  the  root  radius  at  the  bottom  of  a particular 
test  specimen's  sharp  V-notch  was  adjusted  to  yield  a stress  concentration 
factor  (Kt)  equivalent  to  10.  It  should  be  pointed  out  that  the  notched 
tensile  fracture  strength  was  calculated  by  dividing  the  maximum  load 
experienced  bv  a test  specimen,  or  in  a few  cases  where  the  load  dropped 
slightly  before  failure  dividing  the  fracture  load,  by  its  original  as 
opposed  to  final  cross  sectional  area.  This  was  largely  due  to  the  great 
difficulty  in  accurately  measuring  the  extremely  small  change  in  test 
section  diameter  (hence  cross-sectional  area)  experienced  by  the  test 
specimen. 

The  notched  tensile  fracture  strengths  of  Inconel  X750  (conditions 
AAM-VAR,  VIM,  HIP  and  HIP/STDA)  plus  Kromarc  58  stainless  steel  (conditions 
STQ  and  CW)  are  illustrated  graphically  in  Figures  6-12  thru  6-17, 
respectively.  In  addition,  all  the  notched  tensile  fracture  strengths 
and  notched  tensile  fracture  strength  to  tensile  yield  strength  ratios 
developed  in  this  investigation  (including  those  for  OFHC  copper  gas 
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metal  arc  welds  plus  Kromarc  58  stainless  steel  gas  tungsten  arc  welds 
for  which  no  plots  are  available)  are  summarized  in  Tables  6-1  thru  6-6. 

Keep  in  mind,  in  several  cases  unnotched  weld  metal  specimens  fractured  in 

the  base  metal  or  heat  affected  zone.  Therefore,  the  comparison  paramater 

for  these  particular  weld  tests  is  actually  the  notched  tensile  fracture  strength 

of  the  particular  weld  metal  divided  by  the  tensile  yield  strength  of 

the  corresponding  base  metal  or  possibly  heat  affected  zone.  The  ratio 

of  notched  tensile  fracture  strength  to  tensile  yield  strength  for  each 

base  material  or  weld  regardless  of  manufacturing  process,  heat  treatment 

or  test  temperature  is  always  great  r than  one,  the  minimum  value 

equalling  1.3. 

6. 3 Fracture  Toughness  Results 

Linear  elastic  fracture  mechanics  technology  provides  a one 
parameter  fracture  criterion  for  a limited  class  of  problems;  those  of 
cracked  bodies  with  small  scale  yielding  where  the  crack  tip  plastic  region 
is  at  least  an  order  of  magnitude  smaller  than  the  physical  dimensions  of 
the  component.  Over  the  past  few  years,  linear  elastic  fracture  mechanics 
technology  has  evolved  to  the  point  where,  providing  we  are  armed  with 
data  for  both  the  rapid  propagation  (K^c  fracture  toughness)  and  in 
addition  the  slow  growth  (crack  growth  rate)  phases  of  fracture,  we  can 
evaluate  the  fracture  potential  of  components  in  various  situations. 

Specifically,  it  is  possible  to:  (a)  select  materials  to  provide  the 
desired  reliability  against  fracture;  (b)  develop  a quantitative  evaluation 
of  the  brittle  fracture  potential  of  components  in  specific  situations; 

(c)  predict  the  useful  life  expectancy  of  components  under  sustained 
and/or  cyclic  loading  conditions;  (d)  establish  realistic  acceptance  and 
nondestructive  inspection  specifications  that  will  assure  the  desired 
degree  of  immunity  from  brittle  failure  for  the  required  life  of  the 
structure. 

(2  3) 

Recently,  however,  an  elastic  plastic  fracture  criterion,  ’ 

(4) 

based  largely  on  the  J integral  proposed  by  Rice,  and  the  corresponding 
resistance  curve  test  technique  used  to  obtain  elastic  plastic  fracture 
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toughness  values,  ’ were  developed  by  Landes  and  Begley  to  provide 
a direct  extension  of  fracture  mechanics  into  the  elastic  plastic  and 
fully  plastic  fracture  regimes.  Therefore,  it  is  now  possible  to 
apply  fracture  mechanics  technology  to  those  situations  which  often 
occur  in  dealing  with  cryogenic  structural  components  where  the  extent 
of  plasticity  rules  out  the  use  of  linear  elastic  fracture  mechanics 
(such  as  defects  adjacent  to  stress  concentration  sites,  etc.). 


Although  our  original  Structural  Materials  lor  Cryogenic 
Applications  program  called  for  the  development  of  linear  elastic 
fracture  toughness  values  at  -320°F  (77°K)  and  -452°F  (4.2°K),  it  became 
obvious  at  an  early  stage  that  to  develop  valid  linear  elastic  fracture 
toughness  values  per  the  ASTM  Test  for  Plane  Strain  Fracture  Toughness 
of  Metallic  Materials  (F.399-72)  was  impossible  even  at  -452°F  (4.2°K) 
utilizing  one  half  inch  thick  compact  tension  specimens.  For  example, 


to  obtain  a valid  linear  elastic  K^c  fracture  toughness  value  for 


solution  treated  and  double  aged  air  arc  melted,  vacuum  arc  remelted 
(AAM-VAR)  Inconel  X750  at  -452°F  (4.2°K)  would  have  required  a six  inch 
thick  compact  tension  specimen.  Similarly,  ten  inch  and  four  inch 
thick  specimens  would  be  necessary  to  obtain  valid  linear  elastic  K^c 
fracture  toughness  values  at  -452°F  (4.2°K)  on  solution  treated  and 
water  quenched  310  S and  Kromarc  58  stainless  steels,  respectively. 
Therefore,  a tremendous  economic  advantage  (both  in  test  specimen  material 
and  machining  costs  as  well  as  helium  conservation)  would  be  realized  by 
conducting  elastic  plastic  as  opposed  to  linear  elastic  fracture 

toughness  tests. 


In  addition,  looking  at  the  practical  side,  based  on  our 
experience  with  superconducting  generators,  section  thicknesses  much 
greater  than  one  inch  in  highly  stressed  components  (rotors,  etc.)  are 
not  anticipated.  Furthermore,  if  a failure  should  occu- , proper  design 
of  cryogenic  structures  or  components  will  cause  these  structures  or  components 
to  fail  plastically  (elastic  plastic  fracture)  as  opposed  to  catastrophically 
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(linear  elastic  fracture).  Therefore,  from  a practical  as  well  as 
economic  point  of  view,  the  decision  was  made  to  consolidate  the  available 
one  half  inch  thick  compact  tension  specimens  thus  permitting  the  develop- 
ment of  elastic  plastic  J^c  fracture  toughness  values  at  -452°F  (4.2°K). 

The  previously  mentioned  resistance  curve  test  technique  created 

by  Landes  and  Begley  was  employed  to  obtain  the  critical  elastic  plastic 

fracture  toughness  values.  A thorough  description  of  this  resistance 

curve  test  technique  is  given  in  Reference  5.  The  primary  steps  of  this 

test  technique  which  were  applied  to  obtain  the  critical  JL  values  for 

Ic 

each  of  the  materials  tested  at  -452°F  (4.2°K)  follow  in  outline  form. 

(A)  Each  specimen  was  loaded  at  -452°F  (4.2°K)  to  different 
displacement  values  with  a universal  test  machine  in  displacement  control 
(note  Figure  6-18a).  Displacement  was  measured  via  a linear  variable 
differential  transformer  (LVDT)  attached  to  the  specimen  front  face.  It 
should  be  mentioned  that  each  specimen  was  first  precracked  at  loads 
considerably  less  than  those  anticipated  in  the  subsequent  fracture 
toughness  tests. 

(B)  Each  specimen  was  unloaded  and  the  crack  marked 
utilizing  a heat  tinting  procedure. 

(C)  Each  specimen  was  pulled  apart  at  low  temperatu-e  (less 
than  -200°Fj  and  its  crack  extension  was  measured.  The  crack  extension 
was  measured  at  its  maximum  point  and  taken  to  include  all  crack  extension 
from  the  fatigue  precrack  to  the  end  of  the  mark  (Figure  6-18b). 
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(D)  J values  were  calculated  from  the  load  versus  displacement 
records  using  the  formula  developed  by  Rice,  et.  al.  , for  calculating  J 
from  single  specimen  tests 

j _ + k 2A  / for  displacements  measured \ 

4(a+c)  + b Bb  \ at  LVDT  location  J 

where  A is  the  area  under  the  load  displacement  record  in  lb.  in. , c 
is  the  distance  from  the  specimen  centerline  of  loading  to  the  LVDT 
centerline  and  b is  the  remaining  ligament,  or 

b = W - a 

where  W is  the  specimen  width  and  "a"  is  the  crack  length  measured  from 
the  specimen  centerline  of  loading. 

(E)  A plot  of  J versus  crack  extension  was  constructed 
(Figure  6-18c). 

(F)  The  straight  line  J = 2o ^ Aa  was  constructed  where  is 
a flow  stress  equal  to  half  the  yield  plus  ultimate  stresses.  In  addition, 
a best  fit  line  was  constructued  through  the  J versus  crack  extension  points 
(Figure  6-18d).  The  critical  values  of  J (termed  JT  ) is  the  J value 
which  occurs  at  the  intersection  of  these  two  lines.  Therefore,  J is 
based  on  crack  initiation  or  zero  crack  growth  due  to  actual  material 

separation.  Naturally,  corresponding  values  were  calculated  from 
the  relationship  between  elastic  plastic  and  linear  elastic  fracture 
mechanics  paramters 


where  v is  Poisson's  ratio  and  E is  Young's  modulus. 


l 
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J resistance  curves  relative  to  Inconel  X750,  both  base  metal, 
electron  beam  and  gas  tungsten  arc  welds,  plus  various  manufacturing 
processes  are  illustrated  in  Figures  6-19  through  6-29.  Also,  J 
resistance  curves  for  310  S stainless  steel  (both  base  metal  and  shielded 


metal  arc  welds)  plus  Kromarc  58  stainless  steel  are  shown  in  Figures 

through  6-33,  respectively.  Finally,  all  the  and  corresponding 
KIc  values  generated  to  date  are  presented  in  Table  6-7. 

For  comparison  purposes,  the  ratios  and  j-^** 


. have  been 

OyS  \ Oygl  ^ 

included  in  Table  6-7.  Typically,  the  material  with  the  highest 

OyS 

ratio  can  be  expected  to  be  the  most  tough  material  for  a given 
(9) 

application.  Also,  when  conducting  a parametric  fracture  mechanics 
analysis  (that  is,  the  applied  stress  is  considered  to  be  a fixed  percentage 
of  the  particular  material's  yield  strength)  the  critical  defect  size 
for  failure  in  one'  cycle  of  loading  will  be  proportional  to  the  ratio 


of 


Klc 

°vs 


2 (9) 


Concerning  the  various  Inconel  X750  base  materials,  obviously 
the  air  arc  melted  followed  by  vacuum  arc  remelted  (AAM-VAR)  Inconel  X750 
is  extremely  attractive,  offering  a very  high  fracture  toughness  in 
combination  with  intermediate  yield  strength.  The  non  heat  treated 
hot  isostatic  pressed  Inconel  X750  also  has  balanced  properties , giving 

i^I  Q 

an  attractive  , — ratio  of  slightly  less  than  one.  Even  for  the  high 

Uyg  O 

strength  vacuum  induction  melted  (VIM)  Inconel  X750,  good  toughness 
is  realized. 


Obviously,  both  the  Inconel  X750  gas  tungsten  arc  and  electron 
beam  welds  provide  a higher  level  of  fracture  toughness  than  the  corres- 
ponding Inconel  X750  base  metal  (VIM-VAR),  especially  when  the  particular 
weld  was  not  given  a post-weld  heat  treatment.  Note,  for  example,  the 
Inconel  X750  gas  tungsten  arc  welds  (ST/W)  yielded  ? very  high  ratio 
of  fracture  toughness  to  yield  strength.  Also,  the  fr  >cture  toughness  of 
the  Inconel  X750  electron  beam  welds  which  were  not  post-weld  heat 
treated  was  so  high  as  to  exceed  the  measurement  capacity  of  the  0.5  inch 
thick  compact  tension  specimens.  That  is,  the  proposed  size  requirement 
for  J testing, ^ given  by 


a,  B,  b J>  25 
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where  B is  the  specimen  thickness,  could  not  be  met  by  the  non  post-weld 

heat  treated  Inconel  X750  electron  beam  weld  test  specimens.  Therefore, 

from  a fracture  toughness  as  well  as  yield  strength  standpoint , the  hign  quality 

Inconel  X750  gas  tungsten  arc  and  electron  beam  welds  will  certainly 

not  prove  to  be  a weak  point  in  a particular  Inconel  X750  structure  or 

component  from  a fracture  toughness  point  of  view. 

Again  referring  to  Table  6-7,  note  the  solution  treated  and 
water  quenched  Kromarc  58  stainless  steel  is  also  quite  attractive, 
offering  a high  level  of  fracture  toughness  in  combination  with  a 
substantial  yield  strength.  In  addition,  the  solution  treated  and  water 
quenched  310  S stainless  steel  produced  the  very  high  level  of  fracture 
toughness  expected  from  300  series  stainless  steels  in  combination  with 
its  moderate  yield  strength.  Note,  unlike  the  Inconel  X750 

gas  tungsten  arc  and  electron  beam  welds,  the  310  S stainless  steel 
shielded  metal  arc  welds  are  not  nearly  as  tough  as  the  310  S stainless 
steel  base  metal.  This  is  due  in  patt  to  the  higher  yield  strength  of  the 
shielded  metal  arc  welds.  Recall,  this  actual  yield  strength  level  is 
unknown  since  all  the  310  S stainless  steel  shielded  metal  arc  weld  tensile 
specimens  fractured  in  the  base  metal,  which  is  the  yield  strength  value 
reported  in  Table  6-'.  ^ 

6 . 4 Crack  Growth  Rate  Results 

Inconel  X750  electron  beam  and  gas  tungsten  arc  weld  crack 
growth  rate  test  results  are  illustrated  in  Figures  6-34  thru  6-37, 
respectively.  These  fatigue  crack  growth  rate  tests  were  conducted  in 
cryogenic  environments  on  side  notched  half  inch  thick  wedge  open 
loading  (W0L)  specimens.  These  WOL  specimens  were  side  notched  in  an 
attempt  to  force  the  fatigue  crack  to  propagate  in  the  plane  of  the 
weld.  All  WOL  specimens  were  precracked  in  air  at  alternating  loads 
substantially  less  than  those  employed  for  actual  crack  growth  rate  tests. 


Fatigue  crack  growth  rate  testing  was  conducted  on  a 
universal  hydraulic  fatigue  machine  under  sinusoidal  tension  loading. 

The  maximum  alternating  load  (AP)  was  maintained  constant  throughout 
each  individual  test.  Test  frequency  equalled  10  Hertz. 

Instantaneous  crack  length  in  these  cryogenic  environments 
was  determined  by  first  measuring  test  specimen  crack  opening 
displacement  by  utilizing  a linear  variable  differential  transformer 
(LVDT)  attached  to  the  specimen  front  face  and  finally  transforming  this 
crack  opening  displacement  value  via  specimen  compliance  into  crack 
length.  For  illustration  of  the  LVDT  in  position  and  the  overall  crack 
growth  test  setup,  consult  Reference  1.  The  LVDT  had  0.100  in.  total  travel 
and  was  hermetically  sealed.  Linear  output  was  guaranteed  even  at 
-452°F  (4. 2°K)  in  a helium  environment.  Test  specimen  compliance  was 
determined  by  utilizing  a procedure  originally  developed  by  Novak  and 
Rolfe.(11) 

The  raw  test  data  of  crack  length  (a)  versus  number  of 
elapsed  cycles  (N)  was  subsequently  translated  into  the  crack  growth 
rate  (da/dN)  versus  stress  intensity  factor  range  (AK)  data  required  to 
conduct  a fracture  mechanics  failure  prevention  analysis.  These  crack 
growth  rates  were  established  by  means  of  a computerized  curve-fitting 
analysis  of  the  crack  length  versus  number  of  elapsed  cycles  data 
obtained  directly  from  the  fatigue  crack  growth  rate  experiments/12^ 

The  AK  value  associated  with  a specific  crack  growth  rate  was  determined 
from  the  following  expression: 


P fa  P /a 

AK  = K - K = Y — ax _ v 111111 

max  min  BW  BW 


where  Pmax  and  pm^n  are  the  maximum  and  minimum  values  of  the  alternating 
load,  respectively. 

The  nearly  linear  relationship  between  log  da/dN  and  log  AK 
data  shown  in  Figures  6-34  thru  6-37  is  typical  of  most  fatigue  crack 
growth  rate  data.  Since  this  linear  relationship  exists,  the  crack 
growth  rate  data  can  be  expressed  in  terms  of  the  generalized  fatigue 
crack  growth  rate  law  developed  by  Paris. (l3)  This  crack  growth  rate 
law  is  expressed  as: 
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da/dN  = c AKn 
o 


w ere  da/dN  is  the  rate  of  crack  growth,  Co  is  an  intercept  constant 
determined  from  the  log  da/dN  versus  log  OK  plot,  n Is  the  slope  of  the 
log-log  plot  and  AK  is  the  stress  intensity  factor  range. 

Note  the  upper  scatterband  which  represents  the  crack  growth 
rate  properties  of  Inconel  X750  base  metal  (VIM-VAR)  is  included  in 
Figures  6-34  thru  6-37.  In  all  cases,  the  fatigue  crack  growth  rate 
data  for  Inconel  X750  electron  beam  or  gas  tungsten  are  welds  falls 
on  or  below  this  base  metal  upper  scatterband.  Therefore,  this  Inconel  X75l 
base  metal  upper  scatterband,  described  by  the  crack  growth  rate  expression 


da/dN  2.04  x 10  AK8'0  (Inches/cycle , ksi/irTT) 

gives  a conservative  estimate  of  the  fatigue  crack  growth  rate  properties 
of  Inconel  X750  electron  beam  and  gas  tungsten  arc  welds.  For  the  case 
of  the  non  post-weld  heat  treated  Inconel  X750  electron  beam  welds , 
the  cracks  propagated  out  of  the  electron  beam  weld  into  the 
base  metal  despite  the  fact  that  the  test  specimens  were  side  notched. 

™S  again  indicatGS  that  the  cracks  prefer  to  propagate  in  the  base  metal 
as  opposed  to  the  weld.  Therefore,  electron  beam  or  gas  tungsten  arc 
welds  have  inherent  reasonable  toughness  and  Resistance  to  crack  propagation 
Recognizing  that  the  Inconel  X750  MP-1  base  metal  (VIM-VAR)  was  not 
optimized  structurally,  one  should  realize  that  in  high  toughness  base 

metal  such  as  Inconel  X750  MP-2  (AAM-VAR)  crack  propagation  could  proceed 
in  the  base  metal. 

6.5  j£g.ign  Examp le_?_Estimating__Cy^lj_c_Li fe  of  a Superconducting  Generator 


In  order  to  demonstrate  the  use  of  fracture  mechanics  concepts 
as  they  apply  to  a structure  subjected  to  a superconducting  environment, 
a hypothetical  problem  involving  a superconducting  generator  rotor  is 
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presented  below.  The  major  concern  will  be  to  determine  the  cyclic  life 
of  the  superconducting  generator  rotor  under  normal  operating  conditions. 

Successful  use  of  fracture  mechanics  technology  as  a tool  for 
design  against  failure  requires  basic  information  in  three  areas  of 
concern:  material  properties,  defect  characterization  and  stress  analysis. 
Regarding  material  properties,  the  pertinent  material  properties  (fracture 
toughness  and  fatigue  cracx  growth  rate  data)  required  for  our  calculations 
are  presented  in  Section  6 of  this  technical  report.  Observing  Table  6-7, 
note  the  solution  treated  and  double  aged  vacuum  induction  melted/vacuum 
arc  remelted  (VIM-VAR)  Inconel  X750  produced  the  lowest  ratio  of  fracture 
toughness  to  yield  strength  of  any  manufactULing  process/heat  treatment 
combination  of  Inconel  X750  that  was  investigated.  Therefore,  to  keep 
the  failure  analysis  as  conservative  as  possible,  the  fracture  toughness 
and  fatigue  crack  growth  rate  material  properties  developed  for  tnis 
material  at  -452°F  (4.2°K)  will  be  utilized  in  this  analysis. 

An  adequate  fracture  mechanics  failure  prevention  analysis 
requires  information  concerning  the  size,  shape,  location  and  orientation 
of  the  most  critical  defects  which  exist  or  are  likely  to  be  developed 
in  the  structure  of  concern.  This  example  assumes  that  the  most  critical 
defect  for  the  application  is  a long-shallow  surface  crack  intersecting 
the  axial  bore  or  inside  diameter  of  the  Inconel  X750  superconducting 
generator  rotor  with  the  major  plane  of  the  crack  normal  to  the 
tangential  bore  stresses.  For  this  example,  surface  flaws  with  length 
to  depth  ratios  of  4:1  and  10:1  were  considered.  These  surface  defect 
geometries  span  the  range  of  typical  surface  defects  which  might  be 
encountered  in  a generator  rotor. 

The  pertinent  nominal  stress  information  required  for  a fracture 
mechanics  analysis  of  a structure  subjected  to  cyclic  loading  includes 
knowledge  of  the  maximum  nominal  applied  stresses  developed  in  the 
structure  as  well  as  the  alternating  stresses.  For  this  example  problem, 
the  applied  nominal  stresses  and  alternating  (cyclic)  stresses  were 
assigned  parametric  values  equivalent  to  a specific  percentage  of  the 
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material's  yield  strength.  The  applied  nominal  and  alternating  stress 

to  yield  stress  ratios  (——)  considered  in  this  analysis  equaled 

°ys 

0.25,  0. 50  and  0.75. 

The  first  step  in  the  cyclic  life  calculations  is  to 
determine  the  critical  flaw  size  necessary  to  cause  failure  as  a result 
of  a single  load  application.  The  0.2  percent  yield  strength  and 
fracture  toughness  of  solution  treated  and  double  aged  Inconel  X750 
(VIM-VAR)  at  -452°F  (4.2°K)  equals  125.7  ksi  and  70  ksi/ir7,  respectively 
(see  Table  6-7). 

The  pertinent  stress  intensity  expression  for  this  configuration 
(a  surface  crack  oriented  with  the  major  plane  of  the  crack  perpendicular 
to  a uniform  tension  stress  field)  is 

„ 2 1.21  an  o ^ 

I ’ Q 

where  = nominal  stress  intensity  factor,  ksi/in. 
a = surface  crack  depth,  in. 
o = applied  nominal  stress,  ksi 
Q = flaw  shape  parameter  (from  Fig.  6-38) 

The  flaw  shape  parameter  (Q)  permits  us  to  evaluate  the  severity  of  defects 

with  different  shapes  by  accounting  for  surface  or  internal  defects  with 

various  length  to  depth  ratios.  The  flaw  shape  parameter  Q is  obtained 

from  Fig.  6-38  which  also  illustrates  prototype  surface  and  internal 

defects  and  the  necessary  dimensions  required  for  obtaining  length  to 

depth  ratios.  As  mentioned  previously,  we  will  consider  surface  defects 

2C 

with  two  length  to  depth  (— ) ratios;  4 to  1 and  10  to  1. 

We  now  have  all  the  information  required  to  calculate  the 
critical  flaw  sizes  necessary  to  cause  failure  of  the  Inconel  X750 
superconducting  generator  rotor  in  one  cycle  of  loading.  If  we  rearrange 
the  terms  in  the  previous  equation  and  set  equal  to  and  "a" 


6^  5^ 


■ - ■ - 


equal  to  the  critical  flaw  size,  a , we  obtain  the  following 
^ c r 

critical  flaw  size  expression 


(.1  o 

cr  , 2 

1.21  tt  a 

Substituting  the  appropriate  values  of  a,  Q and  (70  ksii/in  ) into 
the  above  expression  yields  the  critical  flaw  sizes  presented  in 
Table  6-8  for  our  three  applied  stress  levels  and  two  surface  defect 
geometries. 

Once  the  critical  flaw  sizes  are  known,  the  cyclic  life 
considerations  involve  computing  the  number  of  loading  cycles  required 
for  an  existing  flaw  of  some  subcritical  size  to  grow  to  the  critical 
size.  Recall,  this  Inconel  X750  superconducting  generator  rotor  is 
subjected  to  a -452°F  (4.2°K)  helium  environment.  Therefore,  the 
fatigue  crack  growth  rate  properties  previously  developed  on  this 
Inconel  X750  in  a helium  environment  (see  Table  6-7)  will  be  utilized 
in  the  cyclic  life  calculations/1^  These  crack  growth  rate  properties 
can  be  represented  analytically  by  the  generalized  crack  growth  rate 
law  expressed  as 


~ = 2.04  x 10"18  AK8'0  (in/cycle,  ksi/in) 
aN 

where  4r  is  the  rate  of  crack  growth,  AK  is  the  stress  intensity  factor 
dN  ,g 

range,  2.C4  x 10_  represents  the  empirical  intercept  constant  (C  ) 

da 

and  8.0  denotes  the  slope  (n)  of  the  log  ^ versus  log  AK  curve. 

By  combining  these  crack  growth  rate  properties  with  our 
critical  defect  sizes,  it  is  now  possible  to  compute  the  number  of  elapsed 
cycles  required  for  an  existing  subcritical  flaw  to  grow  to  failure. 

Wilson  has  developed  a generalized  cyclic  life  expression  which  readily 
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determines  the  number  of  cycles  required  for  an  existing  defect  to  grow 
to  the  critical  flaw  size. ^ This  expression  is  presented  below: 


N = 


(n-2)  Co 


m"/2 


Ac 


a . 
1 


(— ) 
t 2 ' 


(~) 
v 2 ) 

i 

cr 


] for  n ^ 2 


1 a 

N “ r In  — — for  n = 2 

Co  M Aa  ai 

where  N = number  of  cycles  to  failure 

da 

n = slope  of  the  log  — versus  log  AK  curve 

Co  = intercept  constant  from  log  versus  log  AK  curve 

a£  = initial  flaw  size  * * 

acr  = critical  flaw  size 

Aa  = alternating  stress  range  .1 

M = flaw  shape  and  geometry  paramter  (for  surface  defects 

M - 1 

The  above  expression  is  applicable  to  those  loading  situations  where  the 

relationship  between  applied  load,  flaw  size  and  stress  intensity  factor 
has  the  form  of  ^ = oi^ia.  In  addition,  it  is  assumed  that  the  cyclic 
stress  range  (Aa)  remains  constant  throughout  the  component  life  and 
that  the  mean  stress  does  nut  influence  the  results. 

• % 

c I 

Solving  this  expression  for  N at  the  various  cyclic  stress 
ranges  of  interest  and  for  a.  values  ranging  from  the  minimum  detectable 
flaw  size  to  the  appropriate  critical  flaw  size  develops  cyclic  life 
curves  which  relate  the  maximum  initial  allowable  flaw  size  to  the  number 
of  cycles  required  to  cause  failure  at  different  stress  levels. 

The  resulting  cyclic  life  curves  for  this  problem  are  presented 
in  Figs.  6-39  and  6-40.  These  cyclic  life  curves  represent  the  most 
convenient  form  of  presenting  fatigue  life  information  for  a specific 
application  because  the  total  life  can  readily  be  determined  from  a 
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knowledge  of  the  defect  size  known  or  assumed  to  be  present  at  the  start 
of  life.  From  these  results  it  is  possible  to  establish  quantitative 
material  acceptance  and  inspection  requirements  as  well  as  realistic 
safety  factors  for  various  practical  situations  where  a given  life  and 
safety  factor  are  desired. 

As  an  example,  if  we  assume  a desired  life  of  14,600  cycles 
(one  start-up  shut-down  cycle  per  day  for  forty  years) , we  obtain  the 
following  initial  allowable  flaw  sizes. 


Surface  Flaw  Length 

To  Depth  Ratio 

0 

a 

ys 

Applied  Stress 
Level 
(ksi) 

Initial 

Size 

Depth 

Allow.  Flaw 
(in.) 
Length 

4 

to 

1 

0.25 

31.425 

0.61 

2.44 

4 

to 

1 

0.50 

62.85 

0.09 

0.36 

4 

to 

1 

0.75 

94.275 

0.03 

0.12 

10 

to 

1 

0.25 

31.425 

0.42 

4.20 

10 

to 

1 

0.50 

62.85 

0.06 

0.60 

10 

to 

1 

0.75 

94.275 

0.02 

0.20 

These  are  the  initial  allowable  flaw  sizes  which  will  grow  to 
the  critical  sizes  of  concern  in  14,600  cycles  when  the  Inconel  X750 
superconducting  generator  rotor  is  subjected  to  either  of  the  three 
corresponding  applied  stress  levels.  Obviously,  the  inspection  techniques 
employed  must  accordingly  be  capable  of  locating  and  defining  some 
smaller  defect,  the  exact  size  of  which  depends  on  the  safety  factors 
desired.  Therefore,  it  is  up  to  the  designer  to  input  whatever 
safety  factors  (margins  of  error)  he  desires  for  a specific  application. 

The  example  problem  described  above  illustrates  how  a designer 
can  employ  the  fracture  mechanics  technology  to  quantitatively  evaluate 
the  trades-off  between  naterial  properties,  stresses  and  inspection 
capabilities.  Appropriate  safety  factors  can  then  be  assigned  to  the 
specific  area  where  the  greatest  uncertainties  in  input  information 
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exist;  be  it  in  stress  analysis,  nondestructive  inspection  capability  or 
materials  properties.  In  essence  this  approach  enables  the  designer 
working  in  close  conjunction  with  materials,  welding,  manufacturing  and 
nondestructive  inspection  engineers  to  tailor  the  design,  materials 
choice,  welding  process,  quality  control  and  nondestructive  inspection 
requirements  to  provide  the  specific  degree  of  immunity  from  failure 
that  is  desired  in  the  product  at  a minimum  cost  (most  efficient  design, 
effective  use  of  materials,  efficient  welding  and  fabrication  methods, 
and  the  proper  degree  of  quality  control  and  inspection). 

The  same  basic  approach  as  described  above  can  be  applied  to 
any  given  region  in  any  given  cryogenic  hardware  component.  As  in 
any  engineering  approach,  appropriate  judgment  must  be  applied  in 
selecting  the  specific  locations  or  components  which  will  be  analyzed; 
i.e.,  regions  of  highest  stresses,  regions  of  poorest  inspection 
capability,  areas  where  defects  are  most  likely  to  exist  (welds), 
components  subject  to  most  cyclic  loading,  etc.  With  appropriate 
information  in  the  3 basic  areas  of  information  (stresses,  material 
properties  and  defects)  and  with  the  appropriate  selection  of  a K 
expression  modeling  the  cracked-body  geometry  of  concern,  this  approach 
provides  a powerful  new  tool  for  quantitatively  assuring  the  desired 
degree  of  structural  reliability  in  cryogenic  hardware.  As  obvious, 
the  major  effort  in  this  contract  is  directed  at  providing  the  material 
property  information  that  is  required  to  employ  this  new  systems  type 
engineering  approach  to  designing  and  building  reliable  cryogenic 
machinery. 


. ) 


.1 


REFERENCES  - SECTION  6 


G.  G.  Lessmann,  W.  A.  Logsdon,  R.  Kossowsky,  M.  P.  Mathur  and 
J.  M.  Wells,  Structural  Materials  for  Cryogenic  Applications, 
First  Semi-annual  Progress  Report,"  Westinghouse  Research 
Report  74-9D4-CRYMT-R1,  March  1974. 


J.  A.  Begley  and  J.  D.  Landes,  The  J Integral  as  a Fracture 
Criterion,"  Fracture  Toughness,  Proceedings  of  the  1971  Nation al 
Symposium  on  Fracture  Mechanics,  Part  II,  ASTM  STP  514 , American 
Society  for  Testing  and  Materials,  1972,  pp.  1-20. 


J.  D.  Landes  and  J.  A.  Begley,  "The  Effect  of  Specimen  Geometry 


on  JIc,"  Fracture  Toughness,  Proceedings  of  the  1971  National 


Symposium  on  Fracture  Mechanics.  Part  II,  ASTM  STP  514.  American 
Society  for  Testing  and  Materials,  1972,  pp.  24-39 


J.  R.  Rice,  A Path  Independent  Integral  and  the  Approximate  Analys 
of  Strain  Concentration  by  Notches  and  Cracks,"  Journal  of  Applied 
Mechanics,  Transactions  of  the  American  Society  nf  Mechanical 
Engineers,  Vol.  35,  Ser.  E,  June  1968,  pp . 379-386. 


J.  D.  Landes  and  J.  A.  Begley,  Tes_^_Res_u_j^ts  from  J Integral  Studies 


An  Attempt  to  Establish  a J;c  Testing  Procedure.  Presented  at 
the  Seventh  National  Symposium  on  Fracture  Mechanics,  College 
Park,  Maryland,  August  1973. 


W.  A.  Logsdon,  Elastic  Plastic  (Jic)  Fracture  Toughness  Values: 
Their  Experimental  Determination  and  Comparison  with  Conventional 
Linear  Elastic  (klc)  Iracture  Toughness  Values  for  Five  Materials," 
Presented  at  the  Eighth  National  Symposium  on  Fracture  Mechanics, 
Brown  University,  Providence,  Rhode  Island,  August  1974. 


7.  J.  R.  Rice,  P.  C.  Paris  and  J.  G.  Merkle,  "Some  Further  Results  of 


>1 


J- Integral  Analysis  and  Estimates,"  Progress  in  Flaw  Growth  and 
Fracture  Toughness  Testing,  ASTM  STP  536,  American  Society  for 
Testing  and  Materials,  1973,  pp.  231-245. 

8.  J.  A.  Begley,  J.  D.  Landes  and  E.  T.  Wessel,  Fracture  Mechanics, 

A Practical  Tool  for  Preventing  Failures,  Presented  at  the  Third 
International  Conference  on  Fracture,  Mtlnich,  Germany,  April  1973. 

9.  E.  T.  Wessel,  W.  G.  Clark  and  W.  K.  Wilson,  "Engineering  Methods  for 
the  Design  and  Selection  of  Materials  Against  Fracture,"  U.S.  Army 
Tank-Automotive  Center  Report  AD  No.  801005,  June  1966. 

10.  J.  A.  Begley,  Unpublished  research,  Westinghouse  Research  Laboratories, 
September  1974. 

11.  S.  R.  Novak  and  S.  T.  Rolfe,  "Modified  WOL  Specimen  for  K_ 

Iscc 

Environmental  Testing,"  Journal  of  Materials,  JMLSA,  Vol.  4, 

No.  3,  September  1969,  pp.  701-728. 

12.  A.  J.  Federowicz  and  B.  A.  Powell,  "A  Computer  Program  to  Obtain 
a Min-Max  Regression  Model  by  Linear  Programming,"  Unpublished 
Westinghouse  Research  data. 

13.  P.  C.  Paris,  "The  Fracture  Mechanics  Approach  to  Fatigue,"  Proc. 

Tenth  Sagamore  Army  Materials  Research  Confererce,  August  1963, 

Syracuse  University  Press,  1964. 


oh 

CM 


m 

o 

m 

r-'- 

X 

H 

w 

z 

o 

CJ 

z 


o 

to 

w 

tH 

s 

Or 

s 

Or 

w 

►H 


c/l 

AJ 

r* 

5 

E 

E 

o 

a 

C/l 

M 

H 

Z 

D 

0) 

-C 

4J  rH 

«d 
4J 
<U 
£ 


U I 
(DOC 
a <d  h 

CO  u 
l*~>  TJ 
J5  « 

U c M (/} 
(C  d)  3 tti 
W 6 w W 


T3 

a> 

4J 

o 


<y  sc  a <u 

l/l  *4-1  c 
U *4-1  o 
O < M 


&fl  -H 

c w 
a; 


*4. 


c 

o 

•H 

4J  . 

cd  sn? 
u? 
c: 
o 


vT 


m 

CM 

O 

00 

CO 

CM 

O 

00 

00 

o 

CO 

o 

Oh 

O 

p* 

VO 

m 

p* 

CO 

<r 

o 

CM 

o 

m 

r-* 

CM 

m 

tH 

CM 

<r 

o 

CO 

CM 

H 

rH 

CM 

rH 

tH 

CM 

CM 

CM 

CM 

CM 

CJ 

H 

O 

Z 


w 

►H 


H 

1 


u 

H 

PQ 

< 

H 


C 

<y 

aj  6 

cd  4J 
o <d 
— <u 

H 


C 

rH  O 
Cd  -H 
•H  U 
^ *H 
Q>  TJ 
AJ  Cl 

fd  o 

>:  o 


vO 

CM 

CO 

CM 

O 

O 

CM 

o 

• 

• 

• 

• 

• 

• 

• 

• 

p* 

CM 

CO 

00 

OH 

00 

CO 

O 

tH 

rH 

rH 

iH 

CM 

<r 

o 

o 

OH 

00 

CO 

CO 

• 

• 

• 

• 

• 

• 

• 

• 

00 

CM 

p- 

p* 

rH 

o 

o 

O 

«H 

H 

CM 

CM 

rH 

CO 

CO 

iH 

CM 

CM 

hO 

OH 

o 

o 

o 

OH 

• 

• 

• 

• 

• 

• 

• 

• 

CO 

OH 

rH 

iH 

OH 

CM 

p^ 

m 

CM 

CM 

m 

rH 

rH 

m 

tH 

*H 

rH 

rH 

rH 

rH 

rH 

rH 

CM 

m 

O 

rH 

CM 

O 

CM 

rH 

• 

• 

• 

• 

• 

• 

• 

• 

vO 

OH 

rH 

o 

vO 

CM 

OH 

rH 

OH 

OH 

CM 

00 

00 

CM 

rH 

rH 

rH 

< 

< 

rS 

<; 

!3 

C/l 

5 

C/l 

H 

Q 

< 

< 

- 

C/l 

H 

H 

Q 

H 

Q 

c/l 

c/l 

H 

to 

H 

c/l 

H 

c/l 

H 

vO 

CM 


CO 


CO 

CM 


CO 


00 

CO 


CM 

00 


CO 

CM 


< 

Q 

H 

l/l 


CM 


CO 

CO 


C 

Q 

H 

c/l 


oo 

co 


Oh 

so 


r^ 

o 


co 

CM 


O 

00 


CO 

OH 


w 

co 

5 

» 

3 

£ 

< 

< 

< 

PQ 

PQ 

PQ 

< 

H 

H 

H 

W 

W 

W 

PQ 

O 

O 

O 

2g  % 3 3 % % % 
>>>>>>> 
i i i i i i i 

5 5 5 S 3 S 5 

>>>>>>> 


> 


w w 

3 2 

PQ  PQ 


X 

w 

> 


w 

PQ 


a, 

M 

sc 


CO 


c 

o 

H 

C/l 


w 

C/l 

3 


CM 

W 

sc 


rH 

rH 

rH 

tH 

tH 

rH 

rH 

rH 

CM 

CO 

1 

1 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

m 

m 

m 

m 

m 

m 

m 

m 

m 

m 

m 

m 

p' 

r>. 

r>. 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

H-J 

rJ 

rJ 

rJ 

rH 

rH 

rH 

rH 

rH 

rH 

u 

w 

u 

w 

w 

W 

w 

W 

W 

w 

W 

Ui 

2 

z 

z 

z 

z 

z 

z 

z 

z 

z 

z 

z 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

a 

CJ 

CJ 

u 

o 

o 

CJ 

a 

o 

O 

o 

o 

z 

z 

z 

z 

z 

z 

z 

z 

z 

z 

z 

z 

tH 

M 

M 

*H 

tH 

M 

M 

tH 

H 

tH 

M 

tH 

•f^PWPI 


1 


da  < 
lj  “ 

X 


<1>  _G 

] AJ  AJ 

d u 
G G (/) 
•• h c .* 

aJ  Vi  w. 


UT>  u ^ 
0)  H CO  *H 
O Q G Cfl 
e -h  q)  ^ 

0)  >*  P w 

H ^ 
m 


u | (0 

<U  U C AJ  T3 

G.  (0  iH  QJ  U Q) 

in  M x <o  h 

TJ  Q)  o 
X HI  41  X U dl 
o c Va  (0  *U  c 

«0  0)  3 (fl  Vt  U-i  o 

w 0 u cQ  o < n 


vO 

CM 

vO 

m 

vO 

oo 

vO 

<1* 

<r 

CM 

CO 

m 

in 

Ov 

co 

m 

m 

*H 

CM 

vO 

CM 

vO 

OV 

rs 

rH 

rH 

fH 

co 

CM 

CM 

rH 

^-N 

00 

vO 

o 

O 

CM 

O 

<r 

o 

00 

CM 

5 

co 

00 

CM 

G\ 

m 

rH 

00 

OV 

o 

rH 

CM 

*H 

CM 

rH 

CM 

CM 

CM 

00 

m 

m 

o\ 

<r 

m 

o\ 

o 

co 

vO 

CM 

CM 

CO 

vO 

CO 

CO 

m 

*H 

CO 

o 

rH 

*H 

rH 

CM 

CM 

CM 

Heat 

reaCmen 

H 

3 

3 

\ 

& 

\ 

< 

Q 

H 

CO 

\ 

3 

DC 

< 

Q 

H 

CO 

v. 

< 

Q 

<; 

Q 

< 

1 Q 

m 

H 

H 

Q 

H 

a 

S* 

H 

H ! 

1 H 

CO 

in 

H 

■s. 

CO 

H 

CO 

CO 

CO 

H 

CO 

H 

CO 

CO 

H 

CO 

u 

3 

5 

3 

5 

5 

<j 

< 

< 

CQ 

CQ 

< 

H 

H 

H 

W 

W 

CQ 

O 

O 

O 

w w w w 

vj  in  w in 

2 S5  21  5 


I I i i % 

i> 


*H 

rH 

*H 

rH 

rH 

rH 

rH 

O 

O 

o 

O 

O 

o 

o 

m 

m 

m 

m 

m 

m 

m 

r>. 

X 

X 

X 

X 

X 

X 

X 

rJ 

hJ 

rJ 

hJ 

hJ 

h4 

w 

W 

w 

w 

tl 

w 

w 

2 

z 

2 

2 

sc 

2 

2 

o 

o 

O 

o 

o 

O 

o 

CJ 

o 

u 

o 

u 

o 

CJ 

55 

2 

2 

sc 

2 

z 

M 

M 

M 

M 

h-4 

►-4 

M 

o o o o 

m m in  in 

r~-  p~»  i — r — 

X XJ  X x 


t-3  hJ  ^4  t-J 

w w w w 

Z Z Z Z 

o o o o 

O U U u 

z z z z 


t 


QJ 

H 

AJ  ✓—» 
oc  *H 

CM 

O 

O 

O 

o 

m 

OV 

CTv 

CM 

"d* 

00 

G in 

<r 

<r 

CM 

00 

00 

00 

rH 

vO 

rH 

>d* 

CM 

vO 

* 

*U 

0) 

Ov 

o 

O 

o 

<r 

r-. 

o\ 

CO 

m 

CM 

>3* 

CJ 

sz 

Vi  w 
AJ 

*H 

CM 

CM 

CM 

CM 

*H 

rH 

CM 

CM 

CM 

CM 

CM 

I 


E 


I 


vO 

->* 

O 

H 

o 

CM 

O 

o 

CO 

00 

rH 

CO 

« 

*H 

CT\ 

>3* 

VO 

in 

00 

o\ 

rH 

CO 

r>» 

rH 

CM 

O 

rH 

co 

OV 

o 

CO 

CO 

vO 

CM 

# 

*H 

rH 

rH 

»H 

*H 

rH 

rH 

rH 

*H 

rH 

K 


TABLE  6-4  - TENSILE  AND  NOTCHED  TENSILE  PROPERTIES  OF  OFHC  COPPER  PLUS  310  S AND 


! 

ri 

r 

c 

C 

TJ 

05 

i 

•H 

•h 

■H 

•H 

u 

AJ 

i 

rH 

»H 

rH 

o 

O 

«I 

U3 

TJ  CO 

to  "o  m 

05  T>  Cfl 

05 

•a 

05 

C 

05  4J 

c <D  4J 

C 0)  AJ 

c 

0) 

~o 

* r 

05 

Pa  0) 

3)  M 05 

0)  H 05 

05 

M 

rH 

05 

6 

0 X 

BOX 

e a x 

B 

3 

05 

< 

c 

*H 

AJ 

•H  AJ 

■H  AJ 

•H 

AJ 

B 

CJ 

(J  0) 

U U <J 

O O 05 

O 

o 

AJ 

O 

0) 

CO  to 

0)  «t  uj 

05  ca  05 

OJ 

cfl 

05 

ctJ 

O 

o» 

i4  co 

a n m 

a u td 

Cl 

U 

sz 

05 

to 

fc(  PQ 

CO  Pa,  PQ 

CO  Ph  PQ 

r/) 

u* 

u 

SC 

?l!  s 1 

AJ  M /—v 

U < 

O w 

c 

05  *H 


(1)  ^ w 

V4  I'-*  ^ 

3PW 


aj  I'D  u 


fX  r-(  to  "H 

e <u  c w 

<u  *H  0) 

H >*  ^ wl 


i/i  n 

o 

CN 

r>. 

H 

2 Oj 

iA 

LA 

LA 

*H 

ca  CO 


LA 

LA 

vO 

CA 

m 

• 

• 

• 

• 

• 

CM 

CN 

rH 

CN 

rH 

CN 

vO 

00 

CN 

CA 

00 

ON 

ON 

ON 

• 

• 

• 

• 

• 

• 

• 

• 

v 

O 

LA 

CO 

O 

LA 

CA 

LA 

CN 

vO 

LA 

LA 

LA 

rH 

CA 

rH 

oo  00  oo 


•H  *H 

00  00  00 


AJ 

2 

AJ  x-s 

fcC  -H 

NO 

LA 

O 

00 

00 

s 

•H 

AJ 

C 03 
0i  ^ 
U W 

ON 

CN 

ON 

CN 

o 

CA 

00 

CA 

00 

00 

W W 

to  to 


CN 

00 

00 

Cl 

CN 

00 

*3- 

CA 

CA 

rH 

rH 

*-! 

rH 

O* 

cj 

* 

’ — 

O' 

5 

H 

u* 

O' 

H 

5 

O' 

CO 

H 

H 

to 

tJ 

H 

to 

to 

to 

P*J 

W 

3 

w 

w 

5 

to 

< 

PQ 

CO 

3 

3 

H 

O 

Pi 

Pi 

Pi 

W 

w 

w 

CO 

CO 

CO 

CL, 

CL, 

CL, 

Pa 

CL, 

Pa 

o 

o 

o 

o 

o 

o 

rH 

rH 

CJ 

CJ 

u 

CA 

CA 

CA 

CJ 

CJ 

CJ 

M 

M 

M 

SC 

SC 

sc 

CO 

CO 

CO 

u* 

Pa, 

Pa, 

M 

W 

M 

o 

O 

o 

< 

< 

< 

00  00  00  00 

■A  la  la  la 


1111 


CA 

o 

LA 

ON 

00 

LA 

00 

CA 

CA 

rH 

o 

00 

• 

00 

• 

• 

CN 

• 

00 

CA 

CN 

o 

LA 

vi 

CA 

CA 

LA 

CA 

fH 

r* 

CN 

vO 

pH 

X 

05 

AJ  /-N 

00 

O 

00 

vO 

o 

vO 

LA 

CA 

H 

GO  *H 

• 

• 

• 

• 

• 

“1  d 

c w 

rH 

*H 

CA 

LA 

O 

CN 

CA 

r-» 

O St 

T3 

05  ^ 

<r 

rH 

»H 

CN 

CA 

CN 

vO 

vO  CN 

j 

05 

Va  ^ 
AJ 

*H 

H 

*H 

rH 

CN 

rH 

rH  CN 

:i 


i 


i 


I 


. ^ . 


attm 


C/3 

C .G 

OJ  ^ 

H C£  *H 
C W 
D di 
<u  Vj 


tt»lH  u 
W 1^  ^ 


<u  rH  3C  «H 

cx  o c w 

6 *h  <u  ^ 

<D  >-.  U W 

H *-> 

C/D 


W TJ  rt 
G <D  ni 
<D  y. id) 
B 3 £ 


U O <D 

<U  rt  cn 

a m rt 

w x w 


WT)  fl 
G (V  U 
<D  U 0) 

5 3s 

o o <u 

0)  (TJ  CO 

a u 5 

!/]  X » 


T 3 

G <D 
•rH  U U 

O o 

cn  tj  <u 

G 0)  *D  ‘w 

(D  Jh  H 4h 

E 3 0)  < 

■H  u 5 
O O W a) 

m nj  id  <1  G 

a ^ £ in  o 

B1  feu  S N 


tn  t n 

H >> 

CN 

ON 

CN 

rH 

rH 

O 

-*  c 1 

vO 

vO 

vO 

CN 

CN 

CN 

CN 

ON 

<r 

00 

cn 

<r 

• 

• 

• 

• 

• 

00 

00 

vO 

00 

r-H 

CN 

o 

r-» 

CN 

CN 

cn 

CN 

CN 

cn 

m 

o 

00 

vO 

m 

00 

o 

vO 

vO 

• 

• 

• 

• 

• 

• 

• 

in 

rH 

00 

vO 

ON 

in 

CN 

vO 

<r 

cn 

rH 

CT3 

<U 

<r 

00 

m 

‘■a* 

CN 

CN 

CN 

r*s. 

U /-n 

<C  6^ 

vO 

CN 

cn 

rH 

rH 

00 

ON 

v-/ 

t 

00 

00 

m 

m 

vO 

in 

<r 

u 

a 

r-N 

CX  -H 

cn 

o 

o 

CN 

o 

vO 

rH 

<r 

vO 

o 

00 

E 

G (/> 
O .*tC 

r- 

00 

ON 

o 

<r 

00 

o 

rH 

ON 

cn 

u 

Ij  w 

<r 

in 

m 

in 

00 

CN 

ON 

00 

!— 1 

f—H 

u 

rH 

rH 

rH 

rH 

CN 

rH 

rH 

CN 

vO  st 

On  On 


ro  vO 

oo  qo  on 


cn 

00 

vO 

CN 

oo 

• 

• 

• 

• 

• 

<T 

lO 

cn 

rH 

CN 

rH 

00 

CN 

vO 

00 

rH 

rH 

rH 

rH 

O' 

CJ 

5 

\ 

O' 

5 

H 

cn 

O' 

H p 

e O' 

C/5 

H 

H 

C/5  £ 

,)  H 

C/5 

C/5 

C/5 

CO 

CO 

3 

CO 

CO 

3 

CO 

CO 

C/5 

< 

PQ 

2 

CO 

1 

3 

CQ 

C/5 

3 

C/5 

C/5 

3 

C/5 

ZS 

CO 

CO 

CO 

CO 

CO 

to 

C/5 

C/5 

C/5 

00 

oo 

Oh 

CO 

CO 

in 

in 

CU 

CO 

CO 

O 

o 

o 

O 

o 

o 

rH 

rH 

rH 

CJ 

CJ 

CJ 

u 

CJ 

ro 

rn 

rn 

CO 

u 

CJ 

CJ 

M 

w 

HH 

Si 

55 

ac 

K 

C/5 

C/5 

to 

o 

o 

Oh 

Cn 

Cn 

vH 

hH 

CO 

CO 

O 

o 

O 

< 

< 

< 

2 

CO 

w CJ 

I 1 


MHfifimiMift 


m tj 
C D U 
01  ^ OJ 

B 3 X 


CQ  TJ 
d oj 

O 

TJ 

T3 

1 

01  M 

rH 

01 

J 

H 3 0) 
■H  4J  ^ 
O U 
(U  (Q  0) 
a M 42 
C/3  U<  4J 


U U 03 
0)  fl  V) 

a u oj 

co  PQ 


o • 

U HI  HI 

S*.  d 

4-1  O 

a < n 


CN 

00 

m 

m 

cn 

CN 

cn  rv 

CN 

• 

• 

• 

• 

• 

• 

, a 

(X) 

fH 

cn 

CN 

CN 

\D 

in  rH 

cn 

la 

cn 

rH 

3 

r>* 

m 

rH  rH 

3 

CN 

CN 

CN 

CN 

cn 

cn  cn 

cn 

co  o 3 


3 rH  NO 

sO  sO  CN 


sO 

3 

s£> 

so 

CN 

O 

o 

sO 

r-*. 

ON 

• 

• 

• 

• 

• 

• 

• 

, 

, 

ON 

cn 

•*3 

cn 

3 

m 

vO 

o 

CN 

cn 

r^* 

00 

3 

•3 

CN 

m 

•3 

3 

-3- 

cn 

m 

00 

CN 

r^. 

sO 

cn 

ON 

• 

• 

• 

• 

• 

• 

s 

00 

ON 

CSI 

o 

00 

m 

r>* 

00 

m 

ON 

CN 

o 

o 

CN 

rH 

rH 

rH 

CN 

CN 

CN 

CN 

CJ 

O' 

5 

Pt* 

O' 

H 

3 

O' 

H 

H 

CO 

CJ 

H 

CO 

CO 

CO 

W 

CO 

<; 

w 

1 

w 

52 

W 

1 

PQ 

u 

PQ 

PQ 

CO 

w w 

V)  cn 


3 3 


I < 

5 H 

CJ  (J 


Pd 

pd 

Pd 

w 

w 

pj 

CO 

CO 

CO 

a» 

PH 

(14 

ph 

PH 

PH 

o 

o 

o 

o 

O 

O 

rH 

rH 

rH 

CJ 

CJ 

CJ 

cn 

cn 

cn 

CJ 

CJ 

CJ 

M 

M 

M 

SC 

X 

X 

CO 

CO 

CO 

£4 

Ph 

P4 

M 

w 

M 

O 

O 

o 

< 

< 

<3 

CN 

00 

• 

m 

m 

CN 

• 

r-. 

• 

3 

00 

• 

rH 

3 

ON 

00 

00 

00 

O 

00 

cn 

cn 

3 

rH 

rH 

rH 

CN 

m 

rH 

m 

00 

O 

rH 

rH 

rH 

rH 

CN 

rH 

rH 

CN 

B 


I 


r 


B 


I 


00 

00 

00 

00 

00 

m 

m 

m 

m 

in 

• 

CJ 

CJ 

CJ 

CJ 

CJ 

Pd 

pd 

Pd 

Pd 

2 

g 

£ 

i 

•» « 

a 

§ 

§ 

§ 

s 

2 

2 

3 

S 

£ 

- • 

r 


n 

« # 

1 

I 


TABLE  6-8 

- CRITICAL 

FLAW  SIZES  FOR  INCONEL 

X750 

» * 

} 

SUPERCONDUCTING  GENERATOR 

ROTOR 

J 

Surface  Flaw 

Applied  Stress 

Critical  Flaw  Sizes 

j 

Length  to 

VJ 

Level 

(in.) 

Depth  Ratio 

U 

_J£S 

(ksi) 

Depth 

Length 

— ■» 

4 

to  1 

0.25 

31.425 

1.867 

7.468 

i 

•J 

4 

to  1 

0.50 

62.85 

0.454 

1.816 

*} 

4 

to  1 

0.75 

94.275 

0.194 

0.776 

w » 

10 

to  1 

0.25 

31.425 

1.397 

13.97 

♦ % 

10 

to  1 

0.  50 

62.85 

0.339 

3.39 

« * 

10 

to  1 

0.75 

94.275 

0.145 

1.45 

Solution  Treated  and  Double  Aged 
Yield  Strength  (-452°F)  = 125.7  ksi 
Fracture  Toughness  (-452 #F)  = 70  ksi/in. 
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Property 


Fig.o-7-Tensile  properties  of  Kromarc  58  stainless  steel 
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Fig.6-9— Tensile  properties  of  Kromarc  58  stainless  steel  gas  tungsten  arc  welds 
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Cm  we  bST^fc-A 


a)  Load  Specimens  to 
Various  Displacements 


Precrack 

End 


b)  Measure  Crack 
Extension 


c)  Calculate  J for  each 
Specimen  and  Plot 
vs.  Aa 


d)  Construct  Two  Curves  for 
JjC  measurement 


Fig.  6-18-  Procedure  for  Jjc  measurement 
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Fig.  6 19  J resistance  curve  for  solution  treated  Inconel  X750  at  a temperature  of  -452°F 
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Fig.6-20-j  resistance  curve  for  solution  treated  Inconel  X750  at 
temperature  of  75°F 
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Crack  Growth,  inch 

Fig.6~21-J  resistance  curve  for  solution  treated  and  double  aged  Inconel 
X750  at  a temperature  of  -452°F 
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Curve  6/7J23-A 
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Fig  6-23-J  resistance  curve  for  Inconel  X75U  gas  tungsten  arc  welds 
(ST  / W)  at  a temperature  of  -452°F 
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Fig.6-23-  J resistance  curve  for  Inconel  X750  gas  tungsten  arc  welds  (ST/W / STDA)  at 
a temperature  of  ^452°F 
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Curve  658625-A 
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Fig.6-27— J resistance  curve  for  Inconel  X750  ( VIM)  at  a temperature 
of  -452  °F 
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Fig.6-28-j  resistance  curve  for  hot  isostatic  pressed  Inconel  X750 
at  a temperature  of  -452CT 
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Fig.6-29-j  resistance  curve  for  solution  treated  and  double  aged  hot 
isostatic  pressed  Inconel  X750  at  a temperature  of  -452°F 
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Fig.6-33— J resistance  curve  for  30  percent  cold  worked  Kromarc  58 
stainless  steel  at  a temperature  of  -452  °F 
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Fig.6-34fatigue  crack  growth  rate  properties  of  Inconel  X750  electron 
beam  welds  in  cryogenic  environments 
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Fig.6-35fatigue  crack  growth  rate  properties  of  Inconel  X750  gas  tungsten 
arc  welds  in  cryogenic  environments 
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Fig.6-36-Fatiguecrack  growth  rate  properties  of  Inconel  X750  gas  tungsten 
arc  welds  in  cryogenic  environments 
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Fig. 6-37 -Fatigue  crack  growth  rate  properties  of  Inconel  X750  gas  tungsten 
arc  welds  in  cryogenic  environments 
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Fig.  6.  39- Cyclic  life  curves  for  Inconel  X750  superconducting  generator  rotor 
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7. 


MI CROSTRUCTURAL  ANALYSIS 


The  purpose  of  this  phase  of  the  work  is  two-fold:  (a)  examine 
the  microstructure  of  tested  specimens  to  determine  the  cause  and  mode 
of  failure,  (b)  correlate  the  microstructural  features  with  mechanical 
test  data  to  establish  failure  mechanisms  and  effects  of  processing 
variables.  With  this  knowledge  in  hand,  one  is  able  to  identify  critical 
areas  in  processing  or  end  use  and  suggest  modifications  for  an 
optimization  of  processing,  material  use,  and  performance  realization. 

A large  portion  of  the  effort  during  the  period  of  this  report  was 
devoted  to  the  Inconel  X-750  material.  Welded  specimens  representing 
tensile,  fracture  toughness,  and  crack  growth  rate  tests  following 
various  heat  treatments  V/ere  examined  (Table  3-1)  . Also  examined 
were  tensile  specimens  representing  two  alternative  melting  practices,  and 
these  are  compared  to  the  original  material  reported  upon  in  the 
previous  report.  Also  examined  were  test  specimens  prepared  from  HIP 
X-750  (Hot  Isostatically  Pressed)  and  K-58  materials. 

7.1  Inconel  X-750  Welds 

7.1.1  Tensile  Specimens 

Two  major  groups  of  specimens  were  examined,  i.e.,  prepared 
by  Gas  Tungsten  Arc  welding  and  by  Electron  Beam  welding  (see 
section  5. 3.1. 3 for  details).  It  is  of  interest  to  state  here  that 
all  tensile  specimens  which  were  not  subjected  to  post-weld  heat  treatment 
failed  in  the  heat  affected  zone;  those  specimens  which  were  heat  treated 
following  welding  broke  in  the  base  metal  far  away  from  the  heat  affected 
zone.  The  extent  of  the  heat  affected  zone  was  determined  by  microhardness 
measurements.  These  measurements  indicate  that  heat  affected  zones  extend 
to  about  9 grain  diameters  from  the  weld-base  material  interface. 
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Furthermore,  the  tensile  specimens  represent  a variation  in  grain  size 


that  is  consistent  with  the  range  of  grain  sizes  reported  for  the  base 

metal  in  the  First  Semi-Annual  Report.  These  results,  summarized  in 

Table  7-1,  were  obtained  from  the  gauge  sections  of  the  respective 

specimens  in  areas  removed  from  the  actual  fractured  surfaces  and  the 

heat  affected  zones. 

TABLE  7-1 

Grain  Size  of  Welded 

Inconel  X-750  Specimens 

Material  Code  Grain  Size,  ym 

Specimen 

(Table  3-1) 

(Intercept  Method) 

ST/GTAW 

3511 

100 

ST/CTAW 

3512 

143 

ST/GTAW 

3513 

105 

STDA/GTAW 

3611 

75 

STDA/GTAW 

3612 

143 

STDA/GTAW 

3613 

128 

GTAW/STDA 

3711 

106 

STAW/STDA 

3712 

156 

GTAW/STDA 

3713 

140 

ST/EBW 

3211 

94 

ST/EBW 

3212 

154 

ST/EBW 

3213 

99 

STDA/EBW 

3312 

163 

EBW/STDA 

2' 11 

104 

EBW/STDA 

3412 

133 

Figure  7-1  demonstrates 

the  mode  of  RT 

fracture  typical  of  welded  specimens 

that  were  not  subjected 

to  post-weld  heat  treatment.  The  fracture 

originates  and  propagates  across  the  heat  affected  zone.  In  no  case 

did  the  fracture  of  tensile  specimens  originate  or  propagate  through 
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the  weld  itself.  Only  in  crack  growth  specimens,  discussed  below,  and  in 
tensile-notched  specimens,  where  the  initial  fatigue-notch  was  introduced 
in  the  weld,  did  the  fracture  originate  there  and  continued  to  propagate 
through  the  weld  material.  At  lower  temperature,  the  response  of  the 
material  is  somewhat  different.  Figure  7-2  shows  light  micrographs 
of  cross  section  near  and  away  from  the  fracture  edge  and  the  heat 
affected  zone.  Both  micrographs  show  a high  incidence  of  deformation 
crack  openings  that  propagate  in  a laminar  fashion  and  are  not  confined 
to  either  intergranular  or  cross  granular  fracture.  Both  specimens  shown 
in  Figs.  7-1  and  7-2  were  solution  treated  and  welded  without  a 
post-weld  treatment. 

The  origin  of  fracture  in  a specimen  solution  treated  and  Gas 
Tungsten  Arc  welded  (Code  3515)  is  shown  in  the  SEM  micrograph  of  Fig.  7-3. 
The  area  is  dominated  by  Al  + Si  rich  impurities,  probably  in  the  form 
of  non-conductive  aluminum-silicates.  Such  defects  have  been  previously 
associated  with  fractures  of  base-metal  specimens  (see  Fig.  7-13, 

First  Semi-Annual  Report).  Other  details  of  the  fracture  surface  are 
shown  in  Fig.  7-4.  The  intergranular  nature  of  fracture  is  evident  in 
Fig.  7-4(a)  where  cracking  is  also  marked.  A common  feature  of  the 
fractured  surfaces  is  the  dominance  of  plate-like  MC  carbides,  identified 
to  be  of  the  type  (Ti,Nb)C  by  energy  dispersive  X-ray  analysis. 

The  degree  of  incidence  of  cracking  is  lower  in  specimens 
heat  treated  after  welding,  but  again,  it  seems  that  cracking  is  more 
prevalent  in  specimens  tested  at  low  temperatures.  Fig.  7-6,  as  compared 
to  specimens  tested  at  room  temperature,  Fig.  7-5.  As  mentioned  above, 
in  specimens  heat  treated  after  welding,  failure  was  not  associated  with 
the  heat  affected  zone.  Consequently,  the  fracture  surface  will  have 
the  general  features  typical  of  Inconel  X-750  base  metal  that  was 
subjected  to  the  standard  2-step  aging  treatment.  The  SEM  micrographs 
in  Fig.  7-7,  which  can  be  compared  to  Fig.  7-14  in  the  First  Semi-Annual 
Report,  show  a typical  intergranular  mode  of  fracture. 
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To  complete  i he  group  of  Gas  i’ungsten-Arc  welded  specimens  we 
examine  now  the  fracture  characteristics  of  a specimen  heat  treated 
prior  to  welding  with  no  post-weld  treatment.  The  details  in  Fig.  7-8 
are  similar  to  those  in  Fig.  7-6. 

The  general  characteristics  described  above  for  the  Gas 
Tungsten-Arc  welds  apply  also  to  the  electron-beam  welds  in  that 
specimens  that  were  not  post-treated  failed  in  the  heat  affected  zone 
while  specimens  treated  after  welding  failed  far  from  the  heat  affected 
zone.  Failure  in  the  weld  itself  were  observed  only  in  notched  tensile 
specimens  and  crack  growth  rate  specimens,  where  the  notch  was  introduced 
in  the  center  of  the  weld.  Figure  7-9  shows  the  general  fracturing  of 
specimens  tested  at  room  temperature  with  failure  in  the  heat  affected 
zone.  The  details  of  this  micrograph  are  similar  to  the  details  shown 
in  Fig.  7-1.  Another  interesting  comparison  can  be  made  between 
Figs.  7-10  and  7-2.  There  is  substantially  more  cracking  in  the  specimen 
that  was  welded  by  Gas  Tungsten  Arc  as  compared  to  the  specimen  welded 
by  Electron  Beam,  both  were  without  post-weld  treatment  and  were  tested 
at  liquid  helium  temperature.  The  same  differences  were  found  in 
specimens  heat  treated  after  welding.  That  is,  a specimen  welded  by 
Electron  Beam  (Code  3412)  showed  less  cracking  than  exhibited  by  a 
specimen  welded  by  Gas  Tungstem  Arc,  such  as  shown  in  Fig.  7-6. 

Typical  SEM  micrographs  of  fractured  surfaces  are  shown  in 
Fig.  7-11.  In  both  specimens  the  intergranular  mode  of  fracture  is 
evident.  MC  carbides  are  prevalent  on  the  fracture  surface  of  the 
specimen  not  treated  after  welding.  Th  : fracture  of  the  specimen 
treated  after  welding  is  identical  to  that  observed  in  base  metal  heat 
treated  Inconel  X-750  specimens. 

Unusual  defects  that  can  be  traced  to  the  starting  material 
are  s-own  in  Fig.  7-12.  The  origin  of  fracture  in  Fig.  7-12(a)  is 
associated  with  particles  that  appear  to  have  been  previously  molten, 

(Fig.  7-12 (b) ) and  were  identified  by  energy  dispersive  X-ray  analysis 
as  rich  in  A1  and  Si  (Fig.  7- 12(c)).  Defects  like  these  have  been  found 
previous lv  in  the  base  material  and  are, therefore , not  associated  with 
the  welding  process. 
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7.1.2  Fatigue  Crack  Growth  Rate  Specimens 

Figure  7-13  illustrates  the  main  features  of  the  fatigue  crack 
growth  rate  specimen.  All  such  specimens  discussed  in  this  section  were 
pre-cracked  at  room  temperature  in  the  weld  fusion  zone  centerline,  (see 
Section  5),  and  the  rate  of  crack  propagation  was  then  measured  at  low 
temperatures,  i.e.,  - 7.7°K  and  - 4.2eK.  Figure  7-13(a)  shows  a ductile 
fracture  typical  of  the  room  temperature  pre-crack.  Figure  7-13 (b)  shows 
classical  fatigue  striations,  caused  by  a planar  (at  least  locally) 
propagation  of  the  fatigue  crack.  In  Fig.  7-14  we  show  the  now  familiar 
pockets  of  MC  carbides.  A typical  energy  dispersive  X-ray  trace  is  shown 
in  Fig.  7-14(a).  These  carbide  pockets  are  seen  also  in  Fig.  7-13(b) 
where  me  may  conclude  that  the  carbide  pocket  (arrow)  did  not  affect 
the  planar  propagation  of  the  crack  within  the  confinement  of  the  grain 
itself.  In  all  micrographs  in  this  section,  the  large  arrow  indicates 
the  direction  of  the  motion  of  the  crack  front. 

The  apparent  insensitivity  of  the  crack  front  to  carbide 
particles  is  further  demonstrated  in  Fig.  7-15  which  shows  fatigue 
striations  in  an  area  where  two  isolated  accicular  M^Cg  carbides  are 
embedded.  Usually,  however,  only  MC  type  carbides  were  found.  The 
fatigue  striations  show  little  bending  around  the  carbide;  the  crack 
front  is  assumed  to  have  gone  through  the  carbide-matrix  interface. 

The  more  pronounced  tends  in  this  crack  front  are  due  to  low  angle 
boundaries.  Thus,  it  seems  that  the  crack  front  is  sensitive  to 
crystallographic  orientations,  a common  feature  in  "stage  I"  fatigue 
crack  propagation.  Although  sections  showing  a smooth  crack  front 

(Fig.  7-15)  were  frequently  observed,  the  more  common  appearance  of  the 
crack  front  surface  is  shown  in  Fig.  7-16.  The  direction  of  propagation 
of  the  major  crack  front,  which  is  normal  to  the  fine  striation  lines 
is  indicated  by  the  long  arrows  in  both  micrographs  of  Fi  7-16.  It 
is  clear  that  massive  secondary  (branching)  cracking  has  occurred  along 
the  crack  front  in  both  types  of  specimens,  i.e.,  those  that  did,  and 
those  that  did  not  receive  a post-weld  heat  treatment.  Such  a process 
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will  absorb  high  amounts  of  energy,  a fact  that  may  account,  at  least 
in  part,  for  the  high  toughness  of  the  weldment  material  (see  data 
in  Section  6) . 


Features  observed  in  Gas  Tungsten  Arc  Welds  were  also  observed 
in  Electron-Beam  welded  crack-growth  specimens.  It  seems,  though,  that 
the  crack  front  advancement  was  smoother,  although  occasional  crack 
branching  were  observed  also.  Figure  7-17  shows  smooth  crack  propagation 
in  (a)  and  crystallographic  orientation  of  the  crack  front  with  secondary 
cracks  at  boundary  in  (b),  in  a specimen  tested  at  - 4.2°K  with  no 
post-weld  treatment.  Somewhat  rougher  surfaces,  showing  crack  branching 
and  tearing  along  the  crack  front  are  shown  in  Fig.  7-18  which  depicts 
typical  areas  from  a specimen  subjected  to  post-weld  heat  treatment  and 


tested  at  77°K. 


7.1.3  Comments 


The  microstructural  data  presented  above  and  the  tensile  test 
results  (Section  6)  indicate  that,  regardless  of  previous  history, 
welded  tensile  specimens  that  were  not  subjected  to  post-weld  treatment 
failed  in  the  heat  affected  zone  while  specimens  heat  treated  after 
welding  exhibited  failures  and  strengths  comparable  to  the  base  metal 
subjected  to  the  same  heat  treatment.  From  microhardness  measurements 
it  was  found  that  the  heat  affected  zones  extend  to  about  9 grain 
diameters  from  the  weld  interface.  It  was  also  found  that  the  heat 
affected  zone  of  GTAW  specimens  show  higher  hardness  as  compared  to 
EBW  specimens.  This  is  in  agreement  with  the  tensile  data 
which  show  that  at  all  test  temperatures  GTAW  specimens  not  subjected 

to  post-weld  heat  treatment  had  higher  strengths  than  comparable  EBW 
specimens . 


There  was  no  difference  in  strength  for  both  groups  for 
specimens  heat  treated  after  welcing.  Furthermore,  the  strengths  of 
these  specimens  is  comparable  to  me  strength  of  the  base  metal  results 

for  INCO  X-750,  shown  in  Figs.  6-9,  6-25  and  6-26,  First  Semi-Annual 
Report . 


665 < 


It  is  therefore  clear  that  the  welding  process  softens  the 
material  in  the  heat  affected  zone  so  that  the  strength  of  that  zone 
is  lower  than  the  rest  of  the  material,  further  away  from  the  welded 
area.  The  temperature  generated  by  EBW  is  apparently  sufficient  to 
cause  localized  annealing,  while  the  multipasses  and  slower  cooling 
rates  associated  with  GTAW  induces  a partial  aging  effect  that  results 
in  higher  strength  of  the  heat  affected  zone  (compare  Figs.  7-4(b)  and 
7-9(c)).  In  both  cases,  as  was  shown  above,  the  effect  is  not  optimal, 
thus  the  strength  at  the  heat  affected  zone  is  below  that  of  the  fully 
aged  material. 

The  problem  of  cracking  may  be  related  to  a combination  of 
high  deformation  within  the  grain  and  final  crack  opening  at  grain 
boundaries.  Cracks  shown  in  Fig.  7-2  were  also  observed  near  the  fracture 
surface  of  the  base  metal.  Fig.  7-12,  first  Semi-Annual  Report.  The 
higher  incidence  of  this  cracking  effect  in  the  heat  affected  zones  of 
welded  specimen  may  be  attributed  to  residual  stresses  following  welding. 

7 . 2 Irocessing  Practices,  Inconel  X-750 
7.2.1  Tensile  Specimens 

Tensile  data  was  obtained  from  Inco  X-750  material  prepared 
by  three  different  melting  practices  (see  also  Table  5-3,  First  Semi-Annual 
Report).  Material  designated  MP1  was  received  in  the  form  of  i 10" 
diameter  billet.  The  billet  was  press-forged^  to  15"  x 17"  bar  from 
the  original  20"  diameter  casting  (prepared  by  double  melting  process, 
i.e.,  VIM  + VAR),  and  then  hot-rolled  at  temperatures  between  1150  and 
1200°C,  with  intermediate  reheats  to  the  final  10"  diameter  billet. 
Specimens  prepared  from  this  billet  exhibited  a range  of  grain  sizes, 
varying  from  70  to  150  ym,  as  indicated  in  Table  7-1,  First  Semi-Annual 
Report  and  also  in  Table  7-1  of  this  report. 

Material  designated  MP-2  was  press-forged  to  15"  x 17"  bar 
from  the  original  20"  diameter  billet.  This  casting  was  subjected  to  a 
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different  melting  sequence,  i.e.,  AAM  + VAR  (Air-Arc-Melt  + Vacuum-Arc- 
Remelt).  The  bar  was  then  hot  rolled,  to  a 4"  diameter  bar.  Specimens 
prepared  from  this  bar  showed  little  variation  in  grain  size,  with  a 
grain  diameter  much  smaller  than  the  MP-1  material,  Table  7-2.  The 
material  designated  MP-3  was  received  in  the  form  of  a 2"  diameter 
billet.  The  billet  was  hot-rolled  to  size  from  a 20"  x 20"  square  ingot 
prepared  by  a -jingle  melting  process  i.e.,  VIM  (Vacuum-  Induction-Melt). 
Specimens  prepared  from  MP-3  material  showed  also  no  variation  in 
grain  s.ze  from  specimen  to  specimen.  However,  a bimodal  distribution 
of  grain  sizes  was  noticed,  with  most  of  the  grain  less  than  10  pm  in 
diameter  (Table  7-2).  The  general  micros tructural  features  of  the 
three  X-750  materials  are  shown  in  Fig.  7-19. 


TABLE  7-2 


Grain  Size  Distribution  in 
MP-2  and  MP-3,  INCO  X-750 
Materials 


Grain  Size 
Range , pm 


Percentage  of  Grains 
in  the  Range 


3 


i I 


i 

i ! 


- 1 


MP-2 

MP-3 

0-5 

40 

23 

:i 

5-10 

25 

45 

• j 

10-20 

25 

15 

> 20 

10 

16 

TABLE  7-3 


Microprobe  X-Ray  Counts  in  the  Grain; 
Results  are  Average  of  3 Point-Counts 
Per  Specimen 


NbKa 

TiKa 

NiKa 

AlKa 

CrKa 

FeKa 

MP-1 

150 

725 

11100 

110 

8200 

1175 

MP-2 

150 

760 

10250 

70 

7800 

1100 

MP-3 

157 

710 

11600 

80 

8300 

1300 

HIP 

145 

830 

10500 

95 

7800 

1130 

K-58 

83 

14 

3350 

16 

7700 

7400 

The  fracture  characteristics  of  specimens  prepared  from 
MP-2  and  MP-3  materials  are  also  different  from  those  prepared  from  MP-1. 
Figures  7-20  and  7-21  should  be  examined  together  with  Fig.  7-6  where 
the  general  deformation  characteristics  of  the  three  materials  can  be 
compared.  It  is  evident  from  the  amount  of  distortion  and  slip-band 
density,  that  MP-2  and  MP-3  specimens  were  subjected  to  higher  strains 
before  failure  as  compared  to  MP-1.  This  is  consistent  with  the  data 
(Section  6)  where  the  total  elongation  for  MP-1  material  at  - 4.2°K  was 
less  than  10%  (see  Fig.  6-1,  First  Semi-Annual  Report)  while  the  MP-2 
and  MP-3  materials  sustained  more  than  25%  elongation  before  failure. 
Deformation  cracking  and  severe  wedge  opening  at  grain  boundaries  which 
extended  into  the  grain  are  characteristic  of  MP-1  material.  On  the 
other  hand.  Figs.  7-20  and  7-21  indicate  only  occasional  cavitation  at 
grain  boundaries  without  further  extension  or  propagation  of  these 
defects.  The  fracture  mode  in  MP-2  and  MP-3  has  changed  to  a mixture  of 
intergranular  and  cross-granular  fracture  (Fig.  7-22)  as  compared  to  pure 
intergranular  fracture  in  MP-1  material.  It  is  further  interesting  to 
note  that  intergranular  failure  is  prevalent  in  the  band  of  larger  grains, 
(Fig.  7-22 (c))  while  cross-granular  failure  dominates  areas  of  very  small 
grain  sizes  (Fig.  7-22 (b ) ) in  the  same  MP-3  material. 
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Typical  micros tructural  features  of  HIP  material  (Code  61) 
are  shown  in  Fig.  7-23.  From  the  point  of  view  of  macroscopic  grain 
boundaries,  the  HIP  material  exhibits  a wide  distribution  of  grain 
sizes  emanating  from  hot-pressing  a variety  of  powder  particle  sizes. 

It  should  be  noted,  however,  that  the  large  "grain"  probably  represent 
prefused  smaller  powder  particles  as  is  clearly  ev'dent  from  the 
sub-boundaries  which  are  prevalent  in  every  large  particle  (Fig.  7-23). 

The  distribution  of  elements  and  carbides  is,  hovever,  dominated  by 
the  interparticle  boundaries,  a point  which  is  discussed  later  in  the 
text.  The  fracture  characteristics  or  the  HIP  condition  material  is 
illustrated  in  Figs.  7-24  and  7-25.  Figure  1- 24  is  a light  micrograph 
showing  severe  deformation  within  the  grains  and  indicating  a mixture 
of  cross-granular  and  intergranular  failure.  The  SEM  micrographs  of 
fracture  surfaces  clearly  demonstrate  the  dominance  of  cross-granular 
failure  in  HIP  X-750  as  compared  to  intergranular  failure  in  the  large 
grain  X-750  material  designated  MP-1.  Both  specimens  shown  in  Fig.  7-25 
were  aged,  and  then  tested  at  4.2°K. 

7.2.2  Microprobe  Analysis 

Microprobe  analysis  was  conducted  to  test  fo.  possible 
differences  in  elemental  and  phase  distribution  among  the  four  X-750 
materials,  i.e.,  MP-1,  MP-2,  MP-3  and  HIP.  Table  7-3  shows  results  of 
point  count  inside  the  grain  for  the  various  materials.  This  table 
indicates  that  there  are  no  major  differences  in  the  basic  micro-comparison 
of  the  four  X-750  materials,  in  agreement  with  the  chemical  analysis 
shown  in  Table  5-3  of  the  First  Semi-Annual  Report.  The  data  in  Table  7-3 
indicates  a small  increase  in  the  level  of  Ti  in  the  HIP  material. 

Otherwise  there  are  no  indications  of  segregation  or  depletion  in  any  of 
the  major  elements. 

The  microprobe  traces,  however,  reveal  the  nature  of  the  major 
carbide  precipitates.  Figure  7-26  shows  the  areas  through  which  the 
probe  traces  were  taken  with  the  results  shown  in  Figs.  7-26-A1  through 
7-26-C1.  In  all  four  materials  (MP-2  is  not  shown)  the  carbides  appear 
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to  be  of  only  one  kind,  namely,  the  MC,  (Nb,Ti)C  carbides.  None  of 
the  traces  show  a local  rise  In  the  level  of  Cr,  which  would  occur  when 
the  beam  haa  passed  through  a ^23^6  carbide. 

Figure  7-26- A1  shows  carbides  in  the  grain  boundary  (A),  and 
also,  occasionally  found  MC  carbides  within  the  grain  (B) . Note  the 
M peaks  which  are  associated  with  areas  around  the  carbides. 

Figure  7-26-B1  Is  typical  for  the  MP-2  and  MP-3  materials, 

STDA  conditions.  Again,  only  MC  type  carbides  are  resolved.  It  should 
be  noted  that  the  carbides  appear  only  in  high  angle  grain  boundaries 
but  are  not  associated  with  twin  boundaries.  Again  AZ  peaks  appear 
at  the  edge  of  the  carbide  particles.  Figure  7-26-C1  represents  a longer 
trace  across  a few  grains  in  the  HIP  material  (not  heat  treated)  . It 
is  evident  here  that  the  only  precipitates  detected  are  the  (Nb,Ti)C 
carbides  which  are  present  in  high  angle  boundaries  only  (marked  A-E) . 
There  is  no  indication  of  carbide  precipitation  within  the  grains  or 
along  sub-boundaries  within  the  large  grains  (grain  1 and  2,  for  example). 
The  AZ  trace,  not  shown  in  Fig.  7-26-Cl  showed  a large  peak  in  the 
boundary  marked  A. 

7.2.3  Comments 

Although  X-750  is  a y ' precipitation  strengthened  superalloy, 

it  is  clear  that  properties  of  the  material  are  influenced  not  only  by 

the  melting  and  consolidation  practice,  but  by  the  thermal-deformation 

(2) 

procedure  as  well.  Thus,  inclusions,  elemental  distribution, 
dislocation  structures,  volume  and  morphology  of  y'  and  carbides,  and 
grain  size,  are  significant  parameters  that  affect  the  mechanical 
behavior  of  the  final  product.  The  micros tructural  data  presented  above 
indicates  a substantial  difference  in  the  size  and  size  distribution  of 
grains  among  the  various  X-750  materials.  Chemistry  and  mode  and  type 
of  precipitating  carbides  seem  to  be  the  same,  i.e.,  MC  type  carbides 
that  occur  mainly  in  high  angle  grain  boundaries.  Our  analysis  did  not, 
however,  include  transmission  electron  microscopy,  which  could  determine 
variations  in  y'  volume  and  nue  of  precipitation  and  variation  in 
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dislocation  structures.  Since  all  four  X-750  materials  were  subjected 

to  different  amounts  and  kind  of  mechanical  working,  we  cannot  at  this 

stage  of  the  investigation,  relate  the  observed  mechanical  behavior  to 

the  melting  practice  alone.  It  is  possible,  however,  to  equate  the 

increase  in  ductility  in  the  MP-2  and  MP-3  materials  tc  the  smaller  grain 

(3) 

size,  which  results  in  a shift  from  intergranular  to  cross-granular  fracture, 

The  smaller  grain  size  in  these  materials  is  probably  a 
result  of  dynamic  recrvstallization  during  hot-rolling/2,3^  The 
increase  in  strength  in  MP-  2 and  MP-3  is,  at  least  partially,  related  to 
the  smaller  grain  size.  The  temperature  dependence  ol  strength  lends 
support  to  the  above  conclusion.  The  data  (Figs. 3-2  and  3-3)  show  that 
the  difference  in  strength  among  the  four  X-750  materials  increases  with 
decreasing  temperature.  The  grain  size  dependence  of  strength,  usually 

expressed  in  terms  of  the  well  known  flail— Petch  relation  i e 

-1/2  ’ ” 
a ~ + *^d  , contain  the  slope  term  K,  which  itself  is  temperature 

dependent.  Thus,  as  K increases  with  decreasing  temperature,  so  will 

the  incremental  effect  of  grain  size. 


The  fact  that  only  MC  carbides  have  been  identified  is  in 

agreement  with  data  obtained  for  a large  varietv  of  high  nickel 
(4) 

superallovs.  In  these  alloys,  the  dominant  precipitates  during 
aging  at  temperatures  below  1400°F  are  the  MC  carbides.  M00C^  carbides 
start  to  evolve  at  about  1500°F  and  above.  All  X-750  materials  were 
subjected  to  an  aging  treatment  consisting  of  8 hours  at  1350°F, 
then  furnace  cooled  to  1150°F,  held  for  additional  8 hours  and  air 
cooled  (Table  5-5,  First  Semi-Annual  Report).  It  has  also  been  observed(1) 
that  MC  carbides  tend  to  undergo  a degeneration  process  which  creates 
a film  of  y'  around  them.  It  is  possible  that  the  aluminum  peaks  found 
at  the  edge  of  the  carbides  are  due  to  the  formation  of  y'  envelopes. 


7 . 3 Kromarc-58 

Fracture  characteristics  of  a few  tensile  specimens  were 
examined.  Figure  7-27  shows  typical  microstructural  features  of  solution 
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treated  specimens  (Code  8000).  There  is  a considerable  amount  of 

cavitation  caused  by  large  plastic  strains  before  failure.  In  the  cold 

worked  specimens  (Fig.  7-28)  deformation  is  confined  more  to  the  fracture 

area.  Elongated  fissures  which  are  probably  a result  of  cold  work  defects 

are  evident  in  Fig.  7— 28 (b ) . Typical  ductile  fracture  is  illustrated 

by  the  SEM  micrograph  in  Fig.  7-28 (a).  Note  that  this  specimen  was 

tested  at  4.2°K.  Melting  practice  debree  is  shown  in  Fig.  7-29  (b)  where 

the  chemistry  of  the  contaminants  could  be  attributed  to  slag  trapped 

during  the  casting  process.  The  fissures  shown  in  Fig.  7-29 (b)  are 

shown  to  contribute  to  intergranular  fracture,  Fig.  7-30.  It  is  most 

likely  that  the  fissures  are  actual  cavities  as  documented  by  the  microprobe 

traces.  Fig.  7-31.  All  elements  scanned  for,  showed  sharp  dips  in 

concentration  when  the  beam  passed  over  the  two  rows  of  fissures  (Fig.  7-31(a)). 

It  is  conceivable  that  these  fissures  contribute  to  the  lower  fracture 

toughness  of  cold-worked  K-58  material  (see  Section  6 ) . 

7 . 4 Correlations  of  Structure  and  Properties 

7.4.1  Inconel  X-750 

The  mechanical  test  data  indicate  that  the  welds  in  X-750  , MP-1 
material  are  both  stronger  and  tougher  than  the  base  metal  under  comparable 
test  conditions.  It  is  to  be  noted  that  unless  pre-notched,  none  of  the 
tensile  test  specimens  has  failed  in  the  weld.  The  two  fracture -toughness 
parameters, J jc  and  Kjq  are  higher  for  welds  than  the  base  metal, 
regardless  of  method  of  welding  or  heat  treatment.  Furthermore, 
a comparison  of  welds  and  of  base  metal  specimens  show  that  aged  materials 
(STDA)  exhibit  a lower  fracture  toughness  than  solution  treated  materials. 

The  major  difference  between  the  welds  and  the  base  metal  (for 
a given  heat  treatment)  is  in  the  macrostructure.  The  welds  exhibit  a 
dendritic  structure  with  a very  fine  grain  size.  We  have  shown  above 
that  in  MP-2  and  MP-3  materials,  which  have  a smaller  grain  size  compared 
to  MP-1,  there  is  a transition  from  intergranular  failure  to  cross- 
granular  failure  at  low  temperature.  We  can  thus  propose  that  material 
with  small  grain  size,  of  the  order  of  5 pm,  is  expected  to  have  superior 
mechanical  properties  at  low  temperatures. 
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The  effect  of  heat  treatment  is  to  be  expected.  In  all  cases 
of  X- 750,  aging  increased  the  mechanical  strength  which  is  accompanied 
by  a reduction  in  fracture  toughness.  The  increase  in  strength  is 
obviously  due  to  the  formation  of  y ' precipitates  (dispersion  hardening) 
while  the  decrease  in  toughness  is  attributed  to  the  formation  of  carbides 
in  the  grain  boundaries.  From  the  point  of  view  of  low  temperature 
strength,  the  grain  boundary  carbides  are  mostly  detrimental.*  It  is 
thus  recommended  that  an  improvement  in  toughness  may  be  obtained  by  a 
considerable  reduction  in  the  carbon  content.  It  is  worth  noting  here 
that ..although  carbon  content  is  not  the  only  microstructural  parameter 
that  affects  the  differences  in  toughness  among  the  three  X-750  materials 
(MP-1,  2,  3)  the  MP-2  material  shows  the  highest  fracture  toughness, 

with  only  .02%  C,  compared  to  .04?o  C in  MI' - 1 and  MP-3  (see  Table  5-3 
First  Semi-Annual  Report).  One  should  also  note  that  MP-2  and  MP-3 
have  received  a considerable  amount  of  warm  working  compared  to  MP-1. 

The  effect  of  dislocation  structure,  interaction  of  dislocation  and 
precipitates,  etc.,  should  be  studied,  most  likely  by  transmission 
electron  microscopy. 

It  is  significant  to  note  that  the  crack  growth  rate  parameters 
n and  Co  (Table  6-7)  are  insensitive  to  heat  treatment  and  are  also  identical 
for  the  welds  and  the  base  metal.  This  is  contrasted  with  a wide 
variation  in  KjC  and  with  structural  parameters. 

Fractographi c studies  of  fracture  toughness  specimens  showed 
that  the  high  velocity  critical  crack  front  extends  by  following  a grain 
boundary  path  (see  First  Semi-Annual  Report).  It  stands  to  reason, 
therefore,  that  grain  sice,  and  type  and  morphology  of  grain  boundary 
carbides  would  influence  the  energy  involved  in  propagating  this 
crack,  thus  affecting  the  fracture  toughness  parameters.  On  the  other 
hand,  the  slowly  moving  crack  in  the  fatigue-crack-growth-rate  specimens 
is  propagating  mainly  by  following  a crystallographic  path. 

* The  superalloys,  including  X-750.  were  developed  to  provide  high  stress- 
rupture  strength.  The  discontinuous  grain  boundary  carbides  are 
essential  for  this  purpose. 
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The  energy  involved  in  propagating  this  type  of  a crack  will  be 
less  dependent  on  grain  size  and  structure  of  grain  boundary.  The 
Y ' precipitates  within  the  grain  are,  apparently,  not  affecting  the 
motion  of  the  slow  crack.  It  should  be  possible,  however,  to  affect  the 
motion  of  the  slow  crack  by  carbide  precipitation  and  a dense  dislocation 
structure  within  the  grain.  The  crack  growth  rate  studies  of  MP-2  and 
MP-3  materials  should  provide  t lie  answer. 
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Fig.  7-3-  SEM  micrograph  identifying  the  origin  of 
fracture  (arrow)  in  specimen  3511-Ti  (Fig.  7-1) . 
The  bright  impurity  particles  are  rich  in  Al  and  Si 
(Energy  dispersive  x-ray  analysis).  The  variations 
in  shading  are  caused  by  charging  effects  from  the 
non-conductive  particles 
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Fjq  7-4-  SEM micrographs  of  fracture  surface  of  specimen  3511  (Fig  7-1) . Intergranular 
cracking  is  evident  in  both  photos.  Fissioning  is  marked  by  long  arrows.  The  particles  marked 
(P)  in  (a)  and  covering  the  surface  in  (b)are  (Ti;  Nb)  C (MC  carbides) 
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Fig.  7-5-  Light  micrographs  (50X)  of  longitudinal  sections  near  the  fracture  surface 
(a)  and  25  mm  away  from  the  fracture  at  the  weld  interface  (b)  welded  specimens 
(Code  3711-Til)  heat  treated  after  welding,  tested  at  room  temperature 


(Code  371?  12)  tested  at  77°K.  Ductile  deformation  within  the  grain  and  final  failure  by 
intergranular  cracking 


about  23  mm  away  from  the  fracture  (b)  Welded  specimen  (Code  3213  i Tested  at  4. 2°K. 


Note  high  incidence  of  MC  carbides  on  fracture  surface  (arrows)  (b)  Specimen  tested  at 
77° K heat  treated  after  weld  (Code  3412-  ) 
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Fig.  7-15- Fatigue  s 

weld  specimen  post 
at  4. 2°K.  (3000  X) 


away  from  the  fracture,  MP2  tensile  specimen  (Code  401: 
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Fig.  7-23- Light  micrograph  showing  typical 
microstructural  fractures  of  HIP  X- 750 
material.  Note  sub- boundaries  in  large 
particles.  200X  (Code  6113-T4) 
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in  (a),  intergranular  failure  in  (b) 


Specimen  Current 
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Trace  Directions 


Fig.  7- 26- al—  Microprobe  traces  of  Ti,  Ni,  At,  Nb,  Fe  and  Cr  along 
the  line  shown  in  Fig.  7-26-a.  MP-1  material.  Note(Nb,  Ti)  C and 
Al  peaks  around  the  carbides 


Trace  Direction 


Fig.  7-26-bl-Microprobe  traces  of  Nb,  Ti,  Ni,  Al,  Cr  and  Fe  in  MP-3 
material  shown  in  Fig.  7-26-b.  Note  uniform  distribution  of  Fe,  Cr  and 
Ni  and  (Nb,  Ti)  C carbides  in  high  angle  boundaries 
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specimens  K-58  (Code  8111)  CW  30%  tested  at  RT.  (a)  longitudinal 


Fig  30- SEM  micrograph,  K-58,  30%C.W.  (Specimen 
Code  8113-T10) tested  at  4.2°K.  Ductile  fracture  and 
a deep  fissure 
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8.0  PHYSICAL  PROPERTIES 

Introduction 

This  study  was  conducted  to  review  the  suitability  of  the 
various  materials  for  use  at  low  and  cryogenic  temperatures  and  to 
discuss  the  effect  of  low  temperature  on  their  physical  properties. 

Two  important  aspects  of  this  study  were  their  magnetic  and  electrical 
behavior.  Samples  under  different  conditions  were  made  and  the  effect 
of  these  conditions  on  their  electrical  and  magnetic  properties  was 
studied . 

8.1  Magnetic  Study 

Stable  austenitic  structural  materials  have  remarkable 


tensile  strengths  and  ductility  which  increase  substantially  as  th^ 
temperature  is  lowered. ^ However,  austenitic  materials^2  can  be 


subject  to  structural  transformation  at  low  temperat  res  which  result  in 
degradation  and  compromise  of  their  useful  engineering  properties.  Al- 
though this  transformation,  known  as  martensitic  transformation,  is 
usually  accompanied  by  a rapid  fall  in  ductility,  no  sharp  or  sudden 
break  from  the  ductility  to  brittleness  is  observed.  Other  undesirable 
aspects  of  this  transformation  are  (i)  that  the  martensitic  phase  is 
ferromagnetic,  which  may  create  additional  problems  in  an  electromagne- 
tic environment;  (ii)  that  the  austenite  to  martensite  transformation  is 
sometimes  accompanied  by  an  increase  in  specific  volume  of  the  material, 
which  implies  a volume  expansion  on  transformation. 

It  is  therefore  important  to  determine  the  austenitic  phase 
stability  of  structural  materials  if  they  are  to  be  used  at  low  temper- 
atures. Various  factors  that  determine  the  austenitic  phase  stability 
are  (i)  chemical  composition  of  the  material — particularly  the  carbide 
content  is  a very  important  factor  in  determining  the  stability.  Mn  and 
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Ni  have  a strong  effect  in  increasing  austenite  stability,  Mn  being 
very  potent,  (ii)  State  of  strain  or  deformation  at  high  temperatures 
is  sometimes  responsible  for  such  a transformation.  ( i i i ) Cooling  to 
low  temperatures,  or  cycling  several  times  between  room  temperature  and 
low  temperature,  can  induce  the  decomposition  of  the  austenite  phase. 

Low  temperature  deformation  is  even  more  potent  in  promoting  the 
transformation. 

Thus,  for  constructional  purposes,  it  is  important  either  to 
avoid  or  arrest  the  growth  o.  the  undesirable  martensitic  phase.  Since 
the  martensitic  phase  is  ferromagnetic,  the  magnetic  study  of  the 
materials  becomes  an  important  tool  in  determining  the  suitability  of 
various  structural  materials  at  cryogenic  temperatures. 

The  purpose  of  the  present  study  was  to  study  the  phase  sta- 
bility of  several  structural  materials  prepared  under  different  condi- 
tions using  magnetic  technique.  This  was  accomplished  by  studying  the 
magnetic  state  of  the  materials  as  they  are  cycled  between  room  temper- 
ature, and  4.2K  in  a magnetic  field  ranging  from  0 to  70  kOe. 

The  compositions  and  selected  metallurgical  conditions  being 
evaluated  are  given  in  Table  5.3.  The  samples  for  this  study  were  cut 
from  previously  tested  tensile  specimens,  away  from  the  deformed  region. 

Magnetic  moment  as  a function  of  the  applied  field  and  sample 
temperature  was  measured  using  a vibrating  sample  magnetometer  in  con- 
junction with  a 70  kiloersted,  NbTi  superconducting  magnet.  The  magne- 
tometer measures  the  total  magnetic  moment  of  the  sample  using  a 
sophisticated  phase  sensitive  detection  technique  that  enables  changes 
as  small  as  5 x 10  emu  in  magnetic  moment  to  be  measured  over  a tem- 
perature span  from  4.2K  to  125°K. 

A gallium  arsenide  diode  is  used  as  the  sensing  element.  The 
sensor  is  small,  stable,  and  is  practically  unaffected  by  strong 
magnetic  fields.  The  sensor  is  located  very  near  to  the  sample  in  a He- 
exchange  gas  enclosure.  It  has  been  previously  calibrated,  and  is  used 
in  conjunction  with  P.A.R.  Model  156  cryogenic  thermometer  which  gives  a 
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direct  readout  of  the  sample  temperature  from  4.2°K  to  125°K.  Its 
resolution  is  0.1°K,  and  has  an  accuracy  of  ±0.2°K.  The  sample  temper- 
ature is  stabilized  by  balancing  the  heat  from  the  sample  heater 
(located  near  the  GaAs  diode)  and  pumping  the  He-jacket  surrounding  the 
sample  enclosure. 

Direct  M(H)  curves  at  different  temperatures  are  obtained  on 
the  X-Y  recorder  whose  inputs  are  connected  to  the  magnetometer  and  the 
magnet  power  supply. 

8.1.1  Review  of  Different  Types  of  Magnetic  Behavior 

Four  types  of  magnetic  behavior  are  commonly  observed  in 

materials: 

1.  Diamagnetism 

It  refers  to  the  phenomenon  in  which  the  intensity  of 
magnetization,  I,  induced  in  a body  (due  to  an  externally  applied 
field  H)  is  less  than  that  produced  In  a vacuum  by  the  same  field. 
The  magnetic  susceptibility  = I/H)  of  a diamagnetic  substance 
is  negative.  The  origin  of  this  type  of  magnetism  is  in  the 
orbital  motion  of  electrons.  Hence,  this  is  a universal  property. 
The  diamagnetic  susceptibility  is  independent  of  field  as  well  as 
temperature. 

2.  Paramagnetism 

If  the  intensity  of  magnetization  is  greater  in  a sub- 
stance than  the  applied  field  in  vacuum,  the  substance  is  called 
"paramagnetic."  The  magnetic  susceptibility  is  positive. 
Paramagnetism  is  usually  found  among  the  transition  group 
elements.  It  is  caused  by  spin  and  orbital  momentum  of  the  un- 
paired electrons.  The  paramagnetic  system  contains  permanent 
magnetic  dipoles  with  no  interaction  among  themselves.  All  spins 
are  arranged  randomly.  The  paramagnetic  susceptibility  is  inde- 
pendent of  the  externally  applied  field,  but  is  inversely 
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proportional  to  the  temperature  as 


x T-0  8,1 

Equation  8.1  is  also  known  as  Curie-Weiss  law.  Here  C and  0 are 
material  constants  and  give  the  net  effective  magnetic  moment, 
and  the  strength  of  the  interaction  respectively. 

3.  Ferromagnetism 

The  random  motion  of  the  spins  in  a paramagnet  is  due  to 
thermal  energy  kT.  As  the  sample  temperature  is  reduced,  the 
motion  of  the  spins  is  also  reduced,  however,  if  in  an  external 
magnetic  field  the  magnetic  energy  pH  of  the  spin  is  large  com- 
pared to  kT,  the  spins  will  turn  and  align  themselves  along  the 
magnetic  field  direction.  This  parallel  alignment  of  spins  is 
called  "ferromagnetism."  The  parallel  alignment  of  spins  in  a 
ferromagnet  is  a result  ot  a strong,  positive  interaction  acting 
between  the  neighboring  spins.  11  we  Increase  the  temperature, 
the  parallel  alignment  of  the  spins  is  disturbed  by  thermal 
agitation,  which  results  in  a temperature  dependence  of  sponta- 
neous magnetization.  Beyond  a critical  temperature,  called  the 
Curie  temperature,  the  substance  starts  behaving  as  a regular 

paramagnet.  The  temperature  dependence  of  k is  then  given  by 

_ 1 

Curie-Weiss  law.  A plct  of  y ^ versus  T should  be  a straight 

line  cutting  the  T-axis  on  positive  side  surface.  Ferromagnetism 

is  quite  field-dependent,  and  ferromagnetic  substances  show 

typical  hysteresis  curves  and  the  phenomenon  of  residual  magnetism. 

It  should  be  pointed  out,  however,  that  while  paramagnetism  is 

atomic  or  molecular  property,  ferromagnetism  is  a cooperative 

phenomenon.  The  induced  magnetization  in  a ferromagnetic  material 

a 

varies  directly  with  the  field  and  attains  a very  large  ('vlO 
times)  value  at  lower  field  strengths;  however,  with  very  high 
fields,  a magnetic  saturation  is  produced. 
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4.  Antiferromagnetism 
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In  an  anti  ferromagnetic  material,  the  alignment  of  the 
spins  is  antiparallel.  The  antiparallel  alignment  of  spins  is 
also  a cooperative  phenomenon  which  occurs  at  a temperature  below 
T , known  as  Neel  temperature.  Antiferromagnetism  can  be  des- 
cribed due  to  two  interpenetrating  lattices,  each  lattice  having 
its  ions  with  their  spins  parallel,  but  with  the  spins  of  one 
lattice  being  antiparallel  to  those  on  the  other.  Above  T^,  x 
versus  T plot  should  be  a straight  line  with  an  intercept  0. 

Thus,  if  9 is  positive,  the  material  will  behave  as  ferromagnetic 

below  T . However,  if  0 is  negative,  the  material  will  behave  as 
c 

antiferromagnetic  below  T^.  In  an  antif eriomagnetic  state,  the 
magnetization  M increases  with  T up  to  T , and  then  decreases 
paramagnetically  with  further  increase  in  T.  The  magnetization 
varies  linearly  with  II  in  an  antiferromagnetic  state,  and  no 
saturation  occurs  as  opposed  to  a ferromagnetic  state. 

At  very  low  temperatures  and  in  a very  high  field,  it  is 
sometimes  possible  to  turn  the  antiparallel  spin  alignment 
(antiferromagnet)  into  parallel  spin  alignment  (ferromagnetic). 

5.  All  Other  Types 

Other  special  types  of  magnetic  behavior  like  (i)  ferri- 
magnetism,  (ii)  metamagnetism,  (iii)  temperature-independent  r 
Van  Vleck  paramagnetism,  (iv)  Pauli  or  free  electron  paramagne- 
tism, are  also  encountered  in  nature.  Out  of  these,  ferrimagne- 
tism  and  raetamagnetism  can  be  considered  as  special  cases  of 
ferromagnetism  or  antiferromagnetism. 

8.1.2  AISI-310S  Stainless  Steel 


AISI  310S  samples  prepared  under  two  different  conditions 
were  tested.  The  two  conditions  were:  (1)  STQ-solution-treated  and 
quenched;  (2)  STFC-sensitized,  where  the  sample  was  heated  to  2,000°F. 
for  one  hour  and  then  allowed  to  furnace  cool. 
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In  Figures  8.1  and  8.2  are  shown  the  plots  of  total  magnetic 
moment  (emu)  as  a function  of  the  external  magnetic  Held  (kOe)  at 
several  temperatures  ranging  from  4. OK  to  102K  for  the  STQ  sample.  iwo 
types  of  magnetic  behavior,  depending  upon  the  temperature,  are 
observed.  Below  48°K,  the  magnetization  M increases  rapidly  with  II 
initially;  and  finally,  at  very  high  11,  there  is  a tendency  toward  its 
saturation.  The  M(H)  curve  is  nonlinear  and  concave  toward  the  H-axis. 
Field  dependence  of  magnetization  shows  hysteresis;  o.g.,  the  magnetic 
moment  does  not  go  to  zero  when  the  field  is  reduced  to  zero.  This 
behavior  of  the  sample  below  48°K  is  reminiscent  ot  ferromagnetism 
where  48°K  is  the  ferromagnetic  Curie  temperature.  Temperature  and 
field  dependence  of  magnetization  is  very  complex.  For  temperature 
above  48°K,  the  sample  loses  its  ferromagnetism,  and  the  sample  becomes 
parama gnet ic . F om  Figure  8.3  we  note  such  a transition  occurring  at 
about  50°K  for  AISI-310S  sample.  We  also  note  two  slopes  in  M(H)  curve 
for  T > 50°K.  This  change  in  slope  can  come  about  from  material  with 
two  phases  eacli  having  different  magnetic  structure. 

As  we  note  from  Figure  8.2b,  complete  saturation  in  magneti- 
zation is  not  obtained  up  to  the  highest  field  of  70  kOe  at  4.2°K.  By 
extrapolating  these  curves  backward,  we  get  M(0) , which  we  have  plotted 
against  the  sample  temperature  in  Figure  8.3.  The  spontaneous  magneti- 
zation disappear  around  60K,  which  is  tiie  Curie  temperature.  In  the 
Table  8.1,  we  give  an  estimte  of  the  peak  induction  B^fgauss)  in  the 
material  at  4.2°K  and  at  the  highest  field  of  70  kOe.  It  is  about 
1 ,000G  for  AISI  310S  STQ  and  STFt  samples.  As  a comparison,  the 
saturation  induction  for  iron  is  49,000G. 


The  M(H,T)  data  for  sample  AISI  310S  STFC  are  shown  in 
Figures  8.3  and  8.4.  Like  the  STQ  sample,  this  sample  is  also  feebly 
ferromagnetic.  As  before,  complete  saturation  was  not  obtained  up  to  a 
field  of  70  kOe  at  3.8K.  In  Figure  8.5,  we  have  plotted  M(O)  against 
temperature  which  shows  that  the  spontaneous  magnetization  disappears 
at  about  60K.  Thus,  the  Curie  temperature  is  not  much  different  in  the 


two  states.  Value  of  B^  (4.2K)  at  70  kOe  is  about  1,000  gauss,  which 
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is  also  not  too  different  for  the  two  states.  Thus,  the  two  samples 
are  feebly  ferromagnetic  below  77°K,  and  sensitization  of  the  sample 
has  little  effect  on  its  magnetic  structure. 

8.1.3  Kromarc  58  Stainless  Steel 

Five  samples  of  Kromarc  58  were  tested.  The  treatment  condi- 
tions were  STQ,  CW,  GTAW,  CW/GTAW  and  GTAW/CW.  In  the  following,  we 
discuss  them  separately. 

1.  Kromarc  58/STQ/Code  80xx) 

The  magnetic  moment,  M,  as  a function  of  magnetic  field, 
H,  at  various  temperatures,  T,  are  shown  in  Figures  8.6  through 
8.9.  We  note  that  at  4.2°K,  some  hysteresis  in  M(H)  is  present. 
At  low  fields  below  30  kOe,  magnetization  varies  linearly  with 
field;  however,  at  higher  fields,  slight  bending  of  the  curve  is 
observed.  When  magnetic  moment  at  constant  13  kOe  is  plotted 
against  the  sample  temperature,  T,  as  in  Figure  8.9,  we  note  that 
the  moment  increases  with  increasing  temperature  up  to  about  40°K 
and  then  decreases  as  the  temperature  is  further  increased.  This 
kind  of  behavior  is  expected  from  an  antiferromagnetic  phase. 
Above  40°K,  a paramagnetic  phase  is  present,  as  expected. 

However,  we  also  note  a slight  hysteresis  in  M(H)  curves  which 
persist  all  the  way  up  to  125°K.  It  seems  that  the  sample  has 
two  magnetic  structures:  a predominant  antiferromagnetic  phase 
which  exists  up  to  40°K,  and  a comparatively  very  feeble  ferro- 
magnetic phase  which  persists  up  to  125°K.  These  two  phases, 
when  combined,  can  explain  an  increase  in  M with  T (antiferro- 
magnetic) , and  also  a hysteresis  in  M(H)  curves  below  125°K.  An 

antiferromagnetic  structure  at  low  fields  was  also  observed 

(2) 

earlier  in  a Kromarc  55  sample  which  has  slightly  different 
composition.  No  measurement  was  reported  at  high  H for  this 
sample. 
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2.  Kromarc  58/CW  (Code  81xx) 

The  sample  has  been  cold-rolled  30  percent  of  its  origi- 
nal thickness.  In  Figures  8.10  through  8.] 2,  magnetization  data 
as  a function  o field,  H,  and  temperature,  T,  ate  shown.  Here, 
again,  we  observe  the  same  behavior  as  in  one  STQ  sample:  For 
example,  (i)  magnetic  moment  increases  with  increasing  T up  to 
40  K at  low  fields,  followed  by  decreasing  M with  decreasing 
temperature  (Figure  8.13).  There  exists  an  antif erromagnetic 
phase  of  the  material  at  low  fields  below  40°K.  (ii)  Magnetiza- 
tion M varies  nonlinearly  with  H at  higher  fields.  Existence  of 
hysteresis  in  M(H)  curves  up  to  about  125°k.  This  implies  a 
second  magnetic  structure  which  is  feebly  ferromagnetic.  No 
saturation  in  M was  observed  in  fields  up  to  70  kOe  at  4.2°K. 

3.  Kromarc  58/GTAW  (Code  82xx) 

The  magnetic  data  are  shown  in  Figures  8.14  through  8.16. 
Two  different  behaviors  are  noted,  depending  upon  the  magnitude 
of  the  external  applied  field:  (i)  Below  45  kOe,  the  magnetic 
moment  increases  with  temperature  up  to  about  40°K,  and  then  it 
decreases  with  T.  (ii)  Above  45k0e,  the  moment  is  decreasing 
with  increasing  T,  and  the  curvature  of  M(H)  curve  is  convex  to 
the  H-axis,  as  against  the  earlier  two  cases  of  Kromarc  58. 

(iii)  A slight  hysteresis  in  M(H)  below  40°K  is  also  present. 
These  data  suggest  an  antiferromagnetic  structure  below  45  i Qe 
and  a paramagnetic  structure  above  45  kOe.  Few  traces  of  ferro- 
magnetic particles  might  also  be  present. 

4.  Kromarc  58/CW/GTAW  (Code  83xx) 

In  Figures  8.17  through  8.20,  all  data  are  shown.  The 
magnetic  behavior  is  very  complex,  and  it  is  very  difficult  to 
separate  the  different  phases  because  of  different  ordering 
temperatures.  Few  of  the  things  noted  are:  (i)  Hysteresis  at 
low  temperatures  (below  30K) ; (ii)  At  low  fields,  an  antiferro- 
magnetic  phase  with  Neel  temperature  T^  of  about  40°K;  (iii)  At 
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high  fields,  another  antiferromagnetic  with  T of  about  45°K; 

(iv)  complete  paramagnetic  behavior  above  50K  for  the  whole 
field  range. 

5.  Kromarc  58/GTAM/CW  (Code  84xx) 

This  is  the  cold-worked  version  of  Code  83xx.  As  shown 
in  Figures  8.21  and  8.22,  this  specimen  has  also  multiple  magne- 
tic structure.  The  following  features  are  observed:  (i)  Magne- 
tic hysteresis  at  low  temperatures  (below  30°K) ; (ii)  below  45 
kOe,  M varies  linearly  with  H,  M at  constant  field  increases  with 
T up  to  40°K,  and  then  decreases  with  further  increase  in  T; 

(iii)  above  45  k0e>  M is  nonlinear  with  H,  M at  constant  field 
decreases  with  T;  (iv)  no  sign  of  saturation  up  to  highest  H at 
4.2°K. 

Analysis  suggests  that  an  antiferromagnetic  phase  at  low 
fields  and  a second  paramagnetic  phase  at  high  H are  present. 
Hysteresis  in  M(H)  at  low  temperatures  might  be  due  to  some  dis- 
persion of  ferromagnetic  particles. 

8.1.4  Inconel  718  and  Xr750 

Magnetization  data  on  these  samples  are  presented  in  Figures 
8.3  through  8.20.  We  shall  discuss  them  individually  in  the  following: 

i.  Sample  IN  X-750/ST  (Code  30xx) 

These  samples  were  heat-treated  at  1,800°F.  for  one  hour, 
and  were  then  allowed  to  air-cool.  From  Figures  8.23  and  8.24  we 
see  that  the  specimen  is  ferromagnetic  at  low  temperatures.  There 
is  spontaneous  magnetization  at  fields  of  about  3 kOe  at  4.2°K. 

As  field  is  further  increased,  the  domain  magnetization  orient 
along  the  direction  of  the  external  field  gradually.  Even  up  to 
the  highest  field  of  65  kOe,  all  the  domains  have  not  turned  com- 
pletely; thus,  complete  saturation  was  not  attained  at  any  field 
or  temperature.  Hysteresis  in  M(H)  curves  was  also  observed  at 
low  temperatures.  Above  50°K,  the  nonlinearity  in  M(H)  is 
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decreasing,  which  suggests  that  the  thermal  motion  of  the  magne- 
tic spins  is  becoming  comparable  with  the  magnetic  energy;  in 
other  words,  kT  = pH.  The  extrapolted  M(0)  are  plotted  against 
temperature  in  Figure  8.29.  This  shows  that  the  remnant  flux 
vanishes  around  130°K,  which  is  the  Curie  temperature  of  the 
material.  Above  130K,  the  sample  is  in  paramagnetic  state  and 
kT  > pH,  and  the  susceptibility  (x  = M/H)  behavior  will  follow 
Curie-Weiss  law.  From  the  low  temperature  M(H,T)  curves,  one  can 
find  out  B , which  is  about  1,433  gauss.  This  value  is  quite 
comparable  with  AISI  310S  discussed  earlier,  or  is  about  three 
percent  of  iron  value.  Thus,  the  magnetic  behavior  is  very  weak. 

2.  Sample  IN  X-750/STDA  (Code  31xx)  Strained  and  Unstrained  (*) 

Two  STDA  samples  were  tested.  One  was  the  sample  that 
was  used  for  fracture  analysis,  and  the  other  one  (*)  was 
unstrained.  The  magnetic  behavior  of  samples  is  very  similar, 
and  is  given  below: 

(i)  Magnetic  data  as  r.  function  of  field  and  temperature 
are  given  in  Figures  8.25  and  8.26  for  STDA,  and  Figures  8.27 
and  8.28  for  STDA*  samples. 

(ii)  Both  samples  show  hysteresis  at  low  temperatures. 

(iii)  Both  samples  show  nonlinear  M(H)  behavior  at  low 
temperatures.  As  temperature  increases,  the  nonlinearity 
becomes  less  and  less;  and  at  130°K,  it  is  almost  linear. 

This  shows  that  the  Curie  temperature  is  around  3 30°K. 

(iv)  Extrapolated  M(0)  as  a function  of  T are  shown  in 
Figure  8.29  for  both.  The  Curie  temperature  is  around  130°K, 
as  in  ST  sample. 

(v)  Bg  calculated  at  4.2°K  for  this  sample  is  about 
1.477G  for  STDA  and  1,552G  for  MP1-STDA  samples.  Thus,  the 
heat  treatment,  double  aging,  and  putting  strain  in  the 
sample  (STDA  sample  is  tensile  specimen),  and  temperature 
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cycling,  do  not  change  the  magnetic  characteristics  of  the 
samples.  A very  feeble  ferromagnetic  phase  present  shows  a 
very  mild  decomposition  of  the  austenite  phase,  or  the 
austenite  phase  is  very  stable  in  X-750  under  the  different 


conditions  mentioned  above. 


3.  Sample  IN-718 


The  austenite  phase  stability  of  this  material  was  also 
studied  as  a comparison  with  IN  X-750.  Magnetic  data  are  shown 
in  Figures  8.30  and  8.31.  (i)  Like  IN  X-750,  this  sample  is 

also  feebly  ferromagnetic.  (ii)  Hysteresis  in  M(H)  is  also  ob- 
served at  low  temperatures.  (iii)  Saturation  in  M(H)  at  low  T, 
as  in  X-750  is  partial.  at  4.2°K  is  1,335  gauss.  (iv)  Non- 
linear behavior  in  M(H)  reduces  slowly  with  temperature.  Above 
130°K,  the  behavior  is  more  linear  and  the  sample  will  be  in 
paramagnetic  state.  M(0)  as  a function  is  shown  in  Figure  8.29. 
At  about  130K,  the  remnant  flux  vanishes,  suggesting  a Curie 
temperature  at  around  130°K. 


8.2  Electrical  Resistivity 


8.2.1  Experimental 


Samples  for  electrical  resistivity  measurements  were  cut 
in  the  form  of  rectangular  bars  of  dimension  1-1/4"  x 1/8"  x 1/8". 
For  OHFC  copper  (Code  lOxx)  and  weldment  sample  (Code  12xx)  of 
copper,  the  thickness  of  the  samples  was  reduced  to  .020".  A 
four-probe  technique  was  used  to  measure  the  resistivity. 

Constant  current,  I,  from  a Kepco  constant  current  power  supply 
was  allowed  to  flow  through  the  sample,  while  the  voltage,  V, 
between  the  two  fixed  points  along  the  length  of  the  sample  was 
measured  by  a Keithley  digital  voltmeter.  The  resistivity  p is 
given  by 


p =TXI 
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where  A is  the  area  of  cross  section  of  the  sample,  and  Z * s the 
length  of  the  sample  across  which  the  voltage  V was  measured. 

The  constancy  of  the  sample  current  was  periodically  checked  by 
noting  the  voltage  across  a resistance  shunt,  which  was  placed  in 
series  with  the  sample. 

The  whole  resistivity  probe  was  immersed  in  different 
constant  temperature  baths  to  determine  the  temperature  depen- 
dence of  the  resistivity.  The  baths  normally  used  in  the  range 
of  77 °K  to  300°K  were:  liquid  freon  F.22  (232°K),  dry  ice  mixed 
with  acetone  (195°K) , and  liquid  nitrogen  (77°k).  The  range 
13.8°K  to  20.4°K  was  covered  using  liquid  hydrogen.  The  lowest 
temperature  obtained  by  pumping  on  liquid  li2  bath  was  13.8  K. 

The  vapor  pressure  of  the  Lll-  bath  was  measured  by  a Wallace  and 
Tiernan  gauge.  Using  vapor  pressure-temperature  tables  for 
liquid  H2,  the  sample  temperature  was  determined.  Since  no 
change  in  resistivity  with  temperature  was  observed  for  the  range 
13.8  < T < 20.4°K,  only  the  end  point  resistivity  is  given. 
Similarly,  the  temperature  range  1.5°K  to  4.2°K  was  covered  by 
using  liquid  He  bath  in  conjunction  with  a pump.  Since  no 
noticeable  change  in  p was  observed  between  4.2°K  and  1.3°K,  only 
p at  4.2°K  are  given  for  all  samples.  The  total  uncertainty  of 
the  data  is  less  than  five  percent. 

8.2.2  Results  and  Discussion 

A comprehensive  study  of  some  engineering  alloys  at  low 
temperatures  has  been  done  by  other  authors.  Our  analysis  is 

similar  to  theirs. 

The  resistivity,  p,  of  an  alloy  is  composed  of  two  parts: 

p - The  part  that  is  due  to  electron-phonon  inter- 
actions, and  which  goes  to  zero  as  the  temperature  is 
reduced  to  zero; 

p - The  part  that  is  due  to  static  lattice  defects 
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such  as  impurity  atoms,  etc.,  and  which  remain  inde- 
pendent up  to  the  lowest  temperature.  In  other 
words, 

p = PQ  + Pj^T) 


From  the  electrical  resistivity  measurements,  one  can 
estimate  the  thermal  conductivities  ic  of  these  alloys  using 
Wiedemann  Franz's  law^  The  law  states  that  (pK^)/T  is  a constant 
quantity  called  "Lorenz  Number  L,"  where  is  the  electronic 
part  of  the  thermal  conductivity.  Using  a free  electron  gas 
model,  Sommerfeld^'  calculated  L as 


L 


2,2 
TT  k 


3e 


2- 


2.45  x 10 


, volt  .2 
Megree^ 


where  p is  expressed  in  ohm-cm  and  in  w.u.  It  will  be  inter- 
esting to  check  the  theoretical  value  of  Lorenz  Number  against 
the  experimental  value.  Since  thermal  conductivity  measurements 
on  these  samples  are  being  done  elsewhere,  calculation  of  L seems 
to  be  a worthwhile  exercise. 

The  advantage  of  such  an  analysis  lies  in  the  fact  that  a 
simple  measurement  of  p will  give  us  a good  estimate  of  thermal 
conductivity  k,  which  is  a very  important  parameter  for  heat 
transfer  and  other  design  studies. 

The  resistivities  of  all  the  samples  were  measured  at 
seven  temperatures:  4.2,  13.8,  20.4,  77,  195,  245,  and  300 
degrees  K,  and  are  listed  in  Table  8.2. 


Discussion  of  individual  sets  of  samples  is  as  follows: 

1.  Kromarc  58  Stainless  Steel 

In  Figure  8.32,  the  temperature  dependence  of 
resistivity  of  two  Kromarc  58  samples  is  shown.  As 
expected,  the  ->sistivity  of  the  samples  decreases 
with  decreasing  temperature  in  more  or  less  the  same 
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fashion , and  finally  flattens  out  to  a constant  value 
Pq  at  lower  temperatures  (<  20°k).  A slight  minima 
in  p is  also  indicated  around  30°K.  The  resistivity 
of  the  cold-worked  (30%  CW)  is  lower  than  the  STQ 
sample  throughout  the  whole  temperature  range.  Using 
these  p (T)  curves,  one  can  construct  p(T)  curves  for 
other  samples  just  by  measuring  p at  room  temperature. 

The  minima  in  resistivity  had  been  observed 
by  other  authors  but  mostly  in  dilute  alloys,  and 
is  usually  attributed  to  Rondo's  impurity-scattering. 
In  our  alloys  (nondilute) , however,  we  could  not  find 
any  satisfactory  explanation  for  the  minima. 

Since  the  alloy  has  a large  concentration  of 
Mn  in  it,  it  is  quit  possible  that  the  origin  of  the 
minima  might  be  in  some  form  of  Rudermann— Kittel— 

/ Q\ 

Kasuya-Yosida  RKKY  interaction  where  an  indirect 
exchange  between  the  two  magnetic  impurity  atoms 
takes  place  via  the  conduction  electrons. 

Kromarc  58  Codes  82,  83,  and  84  were  also 
measured  down  to  4.2K,  as  shown  in  Figure  8.33.  Also, 
thes^  samples  follow  the  same  trend  as  above- 
mentioned  samples.  A minima  in  p(T)  is  again  ob- 
served in  all  samples.  Room  temperature  measurements 
are  good  to  predict  low  temperature  p. 

2 • Inconel  X-750  and  Snperalloys 

la  Figure  8.34,  r ?sistivity  as  a function  of 
temperature  are  shown  for  Inconel  X-750  samples  pro- 
cessed in  the  following  conditions:  (i)  Solution- 
treated  tensile  specimen  (S.T.);  i)  solution- 
treated  double-aged  unstrained  (SIDA*);  (iii)  solu- 
tion-treated double-aged  tensile  specimen  (STDA) . 

Also  shown  in  the  same  figure  is  the  p (T)  curve  for 


102 


7Z6< 


- 


I 


another  composition—Inconel  718  in  STD  A condition. 
Again,  the  temperature  variation  of  the  resistivity 
for  all  samples  is  very  similar  (except  X-750  ST 
tensile  specimen)  , and  the  measurement  of  p at  room 
temperature  should  be  sufficient  to  extrapolate  the 
p at  low  temperatures.  We  have  no  explanation  for 
the  change  in  slope  of  p (T)  for  sample  X-750  ST. 


3.  AISI  310S  Stainless  Steel 


Three  AISI  310S  stainless  steel  samples  were 
selected  for  resistivity  measurements:  (i)  solution- 
treated  (STQ);  (ii)  solution-treated  and  then  furnace 
cooled  at  2,000°F.  for  one  hour  (STFC) ; (iii)  solu- 
tion-treated weldment  sample  (ST/W). 


Again,  all  the  three  samples  show  similar 
p(T)  behavior  (Figure  8.35),  and  a simple  P measure- 
ment at  room  temperature  should  be  sufficient  to 
characterize  the  material  at  low  temperatures.  No 
minima  in  p(T)  is  observed  at  low  temperatures.  As 
expected  because  of  the  second  phase  in  weldment 
sample  SMAW,  it  has  about  eight  percent  overa1! 
higher  resistivity  than  the  STQ  sample. 


Copper:  CuOHFC  (Code  lOxx)  CuGMAW  (Code  12xx 


The  resistivity  of  the  two  copper  samples  was 
measured  using  a new  setup  that  is  capable  of  passing 
very  large  currents  (^  100  at.ps)  at  4.2K.  This  setup 
is  generally  used  for  measuring  critical  current 
densities  of  superconductors.  The  samples  were  cut 
into  small  rectangles  of  sides  1-1/2"  x 1/8",  and 


thickness  was  reduced  to  about  .020".  The  ratio  of 


room  temperature  and  LHe  temperature  resistivity  was 
73  for  OHFC,  and  only  two  for  GMAW  Cu  sample.  Thus, 
the  welding  changes  the  resistivity  ratio 
substantially. 
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Fig.  8. 5— Extrapolated  magnetic  moment  at  zero 
field  as  a function  of  temperature 
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Fig.  8- 7 -Total  magnetic  moment  as  a function  of  the  external  field 
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Fig.  8-11  - Magnetic  moment  as  a function  of  the  external  field 
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Fig.  8- 12  - Magnetic  moment  as  a function  of  the  external  field 
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Fig.  8. 20-Magnetic  moment  as  a function  the  external  field 
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Fig.  8- 23 -Magnetic  moment  as  a function  of  the  extermal  field  at  low  temperatures 
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Fig.  8-32  - Resistivity  as  a function  of  temperature 


Fig.  8-33-Resistivity  as  a function  of  temperature 
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Am.NlMX  I — ADDITIONAL  KROMAKr  58  DATA 

The  data  presented  in  this  appendix  is  taken  from  an  un- 
classified Westinghouse  Research  Report  No.  67-1D6-KROMA-R1  dated 
May  23,  1967.  This  report  is  titled  "Cryogenic  Tensile  Properties 
of  Cold  Rolled  Kromarc  58  Stainless  Steel  Sheet"  and  was  authored  by 
F.  C.  Hull.  As  Hull’s  data  is  not  generally  available  in  the  outside 
literature  and  is  felt  to  be  of  direct  interest  to  this  project,  this 
data  is  included  herein  Appendix  I as  the  original  tables  and  figures 
of  the  above  mentioned  report. 


ABSTRACT 

Tensile  tests  were  run  on  Kromarc  58  steel  0.050"  sheet  at 
room  temperature,  -110,  -320  and  -423°F.  The  effect  of  the  following 
variables  on  strength  were  investigated:  cold  rolling  with  0,  30,  60 
and  80%  reduction  of  area;  prior  heat  treatment  at  1625  or  1950°F  to 
establish  two  different  grain  sizes;  comparison  of  notched  and  plain 
sheet  properties;  and  aging.  Strengths  exceeding  300  ksi  were  obtained 
at  -423°F  with  adequate  ductility  and  absence  of  notch  sensitivity. 
Because  the  austenite  in  Kromarc  58  does  not  transform  to  martensite 
even  if  it  is  deformed  at  liquid  helium  temperatures,  the  material  is 
non-ferromagnetic  and  dimensionally  stable.  Kromarc  58  sheet  should 
be  useful  for  the  construction  of  cryogenic  equipment  and  vessels  in 
which  these  characteristics  as  well  as  strength  and  weldability  are 
needed. 
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Fig.  1-Work  hardening  of  Kromarc  58  stainless  steel 
sheet  during  cold  rolling 


Aging  Temperature,  °F  (4  hours; 


Fig.  2— Effect  of  cold  work  and  aging  temperature  on  the 
hardness  of  Kromarc  58  stainless  steel  0.050"  sheet. 

1 hour  at  1625°F  prior  anneal 


Notes.- 

1.  Avoid  undercutting  fillets 

2.  All  dimensions  in  inches 

3.  Center  line  of  holes  to  be  within  0. 002  of 
center  line  of  specimen  gage  length 

4.  No  finishing  required  on  flat  faces 


Fig.  3~ Sheet  tensile  specimen 
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1.  Notch  root  radius  to  be  0. 0035  ± . 0005 

2.  Specimen  thickness  as  furnished  or  specified. 
No  finishing  required  on  flat  faces. 

3.  Notch  depth,  a = 0.065  ± .002 

4.  Notch  root  surface  finish  $ 


5.  Kt  =6.3 


6.  All  dimensions  in  inches 

7.  Center  line  of  holes  to  be  within  0. 002  of 
center  line  of  specimen. 


Fig.  4"Notched  sheet  tensile  specimen 
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Fig.  5-Effect  of  cold  work  on  the  room  temperature  tensile 
properties  of  Kromarc  58  0. 050"  sheet.  Heat  MM2390 
annealed  1 hour  at  1625°F  prior  to  rolling 
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Fig.  6-Longitudinal  tensile  properties  of  cold-rolled 
Kromarc  58  sheet  0. 050"  thick  at  -320°F. 

Heat  MM2390  annealed  1 hour  at  1950°F 


1 


o a o v 1950°F  1 Hour  Prior  Anneal 
• ait  1625°F  1 Hour  Prior  Anneal 


